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Exploring Single Molecule Interactions: Heparin and FGF-1 
Proteins Through Solid-State Nanopores 

Navod Thyashan,1 Madhav L. Ghimire,1 Sangyoup Lee,2,* Min Jun Kim1,*  

Detection and characterization of the protein-protein interactions are essential for many cellular processes, such as cell 

growth, tissue repair, drug delivery, and other physiological functions. In our research, we have utilized the emerging solid-

state nanopore sensing technology, which is highly sensitive to better understand heparin and fibroblast growth factor 

1(FGF-1) protein interactions at a single molecular level without any modifications. Understanding the structure and 

behavior of Heparin-FGF-1 complexes at the single molecular level is very important. An abnormality in their formation can 

lead to life-threatening conditions like tumor growth, fibrosis, and neurological disorders. Using a controlled dielectric 

breakdown pore fabrication approach, we have characterized individual heparin and FGF-1 (one of the 22 known FGFs in 

humans) proteins through the fabrication of 17 ± 1 nm nanopores. Compared to heparin, the positively charged heparin 

binding domains of some FGF-1 proteins translocated reacts with the pore walls, giving rise to distinguishable second peak 

with higher current blockade. Additionally, we have confirmed that the dynamic FGF-1 gets stabilized upon binding with 

heparin-FGF-1 at a single molecular level. The larger current blockades from the complexes relative to individual heparin 

and the FGF-1 recorded during the translocation ensure the binding of heparin-FGF-1 proteins, forming binding complexes 

with higher excluded volumes. Taken together, we demonstrate that solid-state nanopores can be employed to investigate 

the properties of individual proteins and their complex interactions, potentially paving the way for innovative medical 

therapies and advancements.

1. INTRODUCTION 

Nanopore experiments have emerged as powerful tools for 

single-molecule analysis, enabling the investigation of 

biomolecules with unprecedented precision. In this study, we 

focus on heparin, Fibroblast Growth Factor 1 (FGF-1), and their 

interactions using a solid-state nanopore. Heparin is a 

polysaccharide known for its unique structural and functional 

properties. A linear polysaccharide that contains repetitive 

disaccharide units consisting of uronic acid-(1-4)-D-glucosamine 

(refer Fig. 1A) comprises around 70% of the heparin chain 

making them highly negatively charged. Heparin's negatively 

charged sulfate groups and flexible molecular structure make it 

an intriguing candidate for nanopore experiments. This 

therapeutic agent discovered in 1916,1 well-known for its 

anticoagulant properties since 1935,2 is a member of the 

Glycosaminoglycan (GAG) family. Its ability to interact with 

various biomolecules, including proteins and nucleic acids, has 

been extensively studied in the context of its role as an 

anticoagulant and its involvement in cell signalling.3 In 

particular, its interaction with proteins such as growth factors 

has been of interest due to its implications for cellular 

processes. Furthermore, heparin finds extensive applications in 

various medical contexts. It has been investigated as a potential 

remedy for inflammatory and allergic disorders.4–7 The role of 

heparin in the treatment of malignancies related to tumours has 

been thoroughly studied.8–10 In addition to its use in countering 

infections,11,12 heparin molecules serve as nanocarriers in drug 

delivery systems.13,14 The highly complex structure of heparin, 

still under investigation for its exact composition,15 adds to its 

diverse range of medical uses. 

 On the other hand, FGF-1 (refer Fig. 1B) are a family of 

signalling proteins with around 20 homologues discovered in 

the human body16,17 that play crucial roles in the regulation of 

cell growth and migration,18 tissue repair and growth,19 wound 

healing,20,21 angiogenesis,22 and various physiological and 

pathological processes. These proteins are dynamic and 

structurally flexible and modulate specific binding with other 

proteins such as heparin. They are highly demanding as they 

possess a high affinity for heparin or heparan sulfate 

proteoglycans (HSPGs) and the significance of the interaction 

between FGF proteins and these molecules influences a range 

of regulatory roles,23 mitogenic activities,24 cellular activities, 

signalling pathways, and biomedical applications.25 While the 

aforementioned mitogenic activities of FGF proteins are 

intensified by binding to heparin it has been proven that 
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heparin shields FGF proteins from heat inactivation and 

proteolytic modifications.27,28 The binding mechanism involves 

the formation of a complex between FGF-1 and heparin, 

impacting FGF-1's conformation and its ability to interact with 

cell surface receptors. While various homologues of FGF 

proteins are known to have distinct properties in initiating 

different physiological processes, here, we delve into the 

investigation of individual heparin and FGF-1 dynamics, 

conformation, and heparin-FGF-1 that could help 

understanding of how they collaboratively contribute to 

essential cellular signalling pathways and biological functions at 

a single molecular level in detail.  

Despite the numerous advantages associated with 

interactions with FGFs, it is crucial to acknowledge that the 

binding of these two molecules may also give rise to negative 

effects. It has been shown that HSPGs (structurally similar to 

heparin) play a key role in either facilitating or inhibiting the 

influence of FGF-2 on tumour cell growth.29 The complex 

interplay between the sulfation content of HSPGs and the 

characteristics of tumour cells is instrumental in determining 

the contribution of heparin to the influence of FGF on tumour 

growth. Furthermore, the dysregulation of FGF-1 proteins may 

lead to various cardiovascular diseases, neurodegenerative 

disorders, and metabolic disorders. Hence, elucidating the 

binding kinetics of these two specific proteins has been of 

paramount importance in the biomedical research sector. While 

several methodologies have been employed to investigate the 

structural and binding dynamics of heparin-FGF binding 

complexes, there is a noticeable absence of research utilizing 

nanopores for this purpose. 

Nanopore sensing, a pioneering single-molecule analysis 

technique, has earned significant attention and prominence in 

protein sensing applications since its initial implementation in 

1976.30 Compared to other protein analysis techniques like X-

ray crystallography, nuclear magnetic resonance (NMR), 

infrared spectroscopy (IR), atomic force microscopy (AFM), etc., 

nanopore sensing incorporates striking advantages like real-

time sensing, label-free analysis, single molecule detection, 

versatility, portability, and low sample consumption. 

Nanopores are mainly of two types: biological nanopores,31 and 

solid-state nanopores (SSNs).32 However, there are cases where 

hybrid nanopores have been used.33 

Biological nanopores offer striking features such as higher 

precision, selectivity, and biocompatibility. Recent research 

utilizing biological nanopores has demonstrated their capability 

to detect protein biomarkers uniquely present in the urine of 

ovarian cancer patients.34 Furthermore, these nanopores are 

extensively used in analysing protein conformations and 

protein-ligand interactions.35,36,37  

SSNs offer distinctive advantages to their biological 

counterpart like increased stability and throughput, tunability 

of pore diameter, increased potential of integration with other 

technologies, and potential of mass production. Chemically-

tuned solid-state nanopores, a recent advancement in achieving 

ultra-clean and stable nanopore, have made protein sensing 

more straightforward and effortless.38 Today, SSNs are used in 

a vast scope of applications. Researchers have managed to 

acquire promising results in the identification of nucleotides 

within DNA through SSNs.39,40 The use of nanopores has been 

Fig. 2   Schematic representations of nanopore experimental configurations displaying the translocation of proteins through approximately 17 nm nanopore. (A) Translocation 

of heparin from the cis side to the trans side of the flow cell. (B) Translocation of heparin Fibroblast Growth Factor 1 (FGF-1) from the cis side to the trans side of the flow cell, 

and (C) Mixture of heparin and Fibroblast Growth Factor 1 in a 1:1 ratio translocating through a pore. The real-time current traces (t = 0.5 s) for each scenario are represented 

just below the respective cartoon and were taken at +200 mV. All the dataa used in this research were collected under 100 mV, 200 mV, 300 mV, and 400 mV applied 

transmembrane potential in 3M KCl at pH 7.6. The concentration of the proteins was maintained at 200 nM in the electrolytes for the experiments. 

 

Fig. 1 Molecular structures of (A) Heparin and its main disaccharide IdoA2S-GlcNS6S, 

(B) FGF-1, and (C) the biologically active dimer of Heparin-FGF-1 complex (PDB- 

1AXM).26 The heparin binding domains of FGFs, represented by arginine and lysine, are 

depicted in cyan and lime green, respectively. 
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extended for diagnostics,41,42 drug discovery, and biological 

screening.43,44 Recent discoveries have demonstrated the real-

time monitoring of ion binding to proteins through SSNs.45 This 

real-time monitoring capability adds a new aspect to the 

versatility of SSNs. More importantly, recent research utilizing 

SSNs has led to insightful breakthroughs in the characterization 

and discrimination of protein-protein interactions, as well as the 

identification of biomarkers in disease progression. The 

characterization and discrimination of amyloid particles 

through nanopores further extend the scope of disease 

identification, allowing the observation of disease progression 

as these particles are identified as biomarkers associated with 

neurological diseases.46,47 O’Donohue et. al. demonstrated the 

successful classification of the monomeric and dimeric forms of 

human serum transferrin receptor proteins through SSNs and 

confirmed the coexistence of both forms in a heterogeneous 

mixture.48 The research findings of Yin et. al. exemplify the use 

of nanopores of varying diameters in the discrimination of 

ferritin and apo-ferritin which display identical exterior 

structures and divergent interior structures.49 

Thus, it is evident that SSNs can be productively used in 

discriminating protein-protein interactions. In this research, we 

will be using nanopores on ~12nm thick silicon nitride (SixNy) 

membranes to investigate the single molecule interactions 

between heparin, and FGF-1 proteins. We have characterized 

individual heparin and FGF-1 proteins through SSNs and 

observed the binding of heparin and FGF-1 at a single molecular 

level. The findings of this study will shed light on the intricate 

details of their interactions, providing valuable insights into 

potential applications in drug discovery and therapeutic 

interventions. Importantly, this research contributes to the 

existing body of knowledge, as to our knowledge, no literature 

has explored the single molecular binding of heparin and FGF-1 

proteins through SSNs. 
 

2. RESULTS AND DISCUSSION 

This study employed nanopore technology to perform single 

molecule analyses by quantifying the translocations of 

individual analytes – heparin, FGF-1, and their complex, 

heparin-FGF-1 through a nanopore. The experimental setup is 

illustrated in Fig. 2. The cis side of the flow cells was loaded with 

200 nM analytes, specifically heparin, in electrolytes with 

varying concentrations of KCl – 1M, 2M, and 3M. This different 

set of KCl concentrations was used for comparative analysis at 

various potential biases ranging from 100 mV – 400 mV. Under 

the influence of an applied positive potential, the transport of 

analytes across the nanopore results in transient current 

blockades, as depicted in the bottom panel of each cartoon. The 

typical current-time traces (t = 0.5s), represented below each 

cartoon, were recorded with 3M KCl electrolytes under +200 

mV potential. The same experimental protocol was applied to 

investigate FGF-1 (Fig. 2B) and the heparin-FGF-1 complex (Fig. 

2C). The experimental setup and methodology were consistent 

across all three scenarios (heparin, FGF-1, and heparin-FGF-1), 

providing a systematic approach to observe and investigate 

their properties deciphering the translocating events using 

nanopore technology. 

Table 1: The mean current blockade values for the three analytes; heparin (200 nM), 

FGF-1 (200 nM), and their mixture (heparin 100 nM + FGF-1 100 nM) under different 

voltage biases. Bimodal peaks were observed under FGF-1, and the mean current 

blockade values are summarized in the table below. 

Analyte     Transmembrane Potential  (mV) 

+100 +200 +300 +400 

Heparin (ΔI/pA) 300.7 338.9 420.5 519.3 

FGF-1 (ΔI/pA) 276.6, 
538.2 

292.2, 
848.7 

382.3, 
1097.7 

501.7, 
777.5 

Mixture (ΔI/pA) 1426.5 1686.6 2763.6 - 

 

The detectability of heparin through solid-state nanopores 

under electrolyte concentrations of 1M KCl has been empirically 

established by researchers. Notably, experimental observations 

suggest that an increase in both current blockades and event 

frequency is associated with heparin translocations at higher 

electrolyte molarities.50 Consequently, heparin translocations 

were systematically investigated across 3 distinct electrolyte 

molarities, namely 1M KCl, 2M KCl, and 3M KCl. The outcomes 

of these investigations as outlined in Section 3 of the Supporting 

Information (Fig. S3 A-D) supported the aforementioned 

observations by researchers, proving the amplification of 

heparin capture rates and event blockades under elevated 

electrolyte molarities. After the initial investigation, an in-depth 

exploration of heparin translocations were initiated under the 

condition of 3M KCl utilizing a nanopore characterized by a 

diameter of 17.5 nm ± 0.9 nm. The pore fabrication was carried 

out following the pore fabrication protocol detailed in the 

experimental section. The open-pore current traces for the 

voltages 100 mV, 200 mV, 300 mV, and 400 mV as outlined in 

Section 2 of the Supporting Information (Fig. S2) displayed very 

stable currents with minimum noise and fluctuations. Baseline 

currents of this nature are sought in nanopore analysis, as 

elevated noise and fluctuations have the potential to impede 

the clear detection of current drops attributed to the 

translocation of analytes. Moreover, these transient current 

waveforms suggest that the pore is not uniform and might 

contain residuals within the pore. Fig. 3A illustrates 0.5s current 

traces of heparin at specific voltage biases of 100 mV, 200 mV, 

300 mV, and 400 mV. As elaborated in Section 4 of Supporting 

Information (Fig. S4), though heparin translocations displayed 

clean spikes in the current traces, it displayed a low signal-to-

noise ratio.  

Heparin is considered to be a polyanionic substance with the 

highest negative charge density of any known biological 

macromolecule.51 This negative charge is typically due to the 

presence of negatively charged sulfate and carboxyl groups. The 

main disaccharide unit: IdoA,2S – GlcNS,6S of high-grade 

heparin used in our experiments comprises two sulfate groups 

and a carboxyl group from the iduronic acid. While it may not 

be possible to confirm the state of neutrality of such polyanionic 

molecules, it is noteworthy that heparin could be highly 

negative at the physiological pH 7.6. The observed low signal-
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to-noise ratio finds justification in the electrostatic interactions 

between heparin and the nanopore wall. Heparin, which is 

recognized for its extreme structural variability,51 exhibits 

flexibility and conformational changes during translocations, 

which causes heightened noise. 

 
Fig. 3 Translocation dynamics of heparin (15.7 kDa) through a ~17 nm nanopore in a 12 

nm thick SixNy membrane. The cis and trans chambers are filled with symmetric 3M KCl 

and 10 mM TRIS electrolyte at pH 7.6, and 200 nM of heparin was added to the cis side. 

(A) Sample current traces of heparin at various applied transmembrane potentials: (i) 

100 mV (bronze), (ii) 200 mV (green), (iii) 300 mV (red), and (iv) 400 mV (purple). Each 

trace is of t = 0.5s. (B) Scatter plot of dwell time (Δt) vs. current blockade (ΔI) at applied 

potentials of 100mv, 200mv, 300mv, and 400 mV. (C) Distribution of current blockades 

for all translocation events of heparin at different applied potentials ranging from 100 

mV to 400 mV. The ΔI values (mean) obtained from the fit were 341.5 pA (n = 1108), 

338.8 pA (n = 4930), 420.5 pA (n = 2886), and 519.3 pA (n = 6495) at 100 mV, 200 mV, 

300 mV, and 400 mV, respectively.  The data in the distribution are represented by the 

bars, while the solid line with the same color is their fit.  

Furthermore, heparin’s known hydrophilicity and its 

capacity to retain approximately 2-10% water even after 

thorough desiccation52,53 may result in a larger and more 

dynamic hydrating shell, introducing additional noise into the 

system. The illustrated trends in current blockade (ΔI) and dwell 

time (Δt) in Fig. 3B reveal an increasing trend in both 

parameters with increasing voltage. This implies that heparin 

undergoes conformational changes, potentially unfolding at 

higher electrophoretic forces. Fig. 3C and the summarized data 

under Table 1 highlight the escalating trend in mean current 

blockades of heparin translocations in response to increasing 

voltage biases of +100 mV, +200 mV, +300 mV, and +400 mV, 

respectively. This observation aligns with Ohm’s law which 

suggests an anticipated elevation in current drop for a constant 

resistance (which arises from the pore) with increasing voltage. 

In addition, we analyzed the behaviour of FGF-1 events as they 

translocated through a chemically tuned controlled dielectric 

breakdown (CT-CDB) pore with a diameter of 17.2 nm ± 1.0 nm 

in the presence of 3M KCl. The literature suggests that FGF-1 

proteins have an isoelectric point (pI) of 7.54 Notably, at our 

experimental pH of 7.6, translocations at positive voltage bias 

were observed, confirming that FGF-1 maintained a net 

negative charge even under these experimental conditions (see 

Supporting Information: Fig. S5 A-B). The three-dimensional 

structure of FGF-1 proteins comprises Lysine at heparin-binding 

domains. Previous site-directed mutagenesis studies and X-ray 

crystal structure of FGF-1 have emphasized the significance of 

these positively charged Lysine residues in heparin binding and 

other biological functions.55–58 

 
Fig. 4 Translocation dynamics analysis of Fibroblast Growth Factor 1 (FGF -1) through a 

~17 nm nanopore in a 12 nm thick SixNy membrane. The cis and trans chambers are filled 

with symmetric 3M KCl and 10 mM TRIS electrolytes at pH 7.6. The cis side was loaded 

with 200 nM of FGF-1 at room temperature. (A) Sample current traces of FGF -1 at 

various applied transmembrane potentials: (i) 100 mV (bronze), (ii) 200 mV (green), (iii) 

300 mV (red), and (iv) 400 mV (purple). Each trace is of t = 1s. (B) Scatter plot of dwell 

time (Δt) vs. current blockade (ΔI) at applied potentials of 100mv, 200mv, 300mv, and 

400 mV. (C) Statistical representation of current blockades distribution of translocation 

events ranging from 100 mV to 400 mV. The ΔI values (mean) of the first peak obtained 

from the fit were 276.6 pA (n = 1157), 292.2 pA (n = 5515), 382.3 pA (n = 1033), and 501.7 

pA (n = 575) at 100 mV, 200 mV, 300 mV, and 400 mV, respectively. ‘n’ is the number of 

extracted events used for data analysis. The data in the distribution are represented by 

the bar, while the solid line with the same color is their fit. Note that the FGF-1 current 

blockade distribution exhibits a bimodal pattern, unlike the previously illustrated heparin 

distribution. The second peak was observed at 848.688 pA, 1097.744 pA, and 777.471 

pA at 200 mV, 300 mV, and 400 mV, respectively. In contrast to heparin events, FGF-1 

proteins exhibited clean translocations across the range of applied voltages, as 

illustrated in Fig. 4A. Unlike heparin, FGF-1 displayed bimodal peaks of current blockades 

at +200 mV, +300 mV, and +400 mV, as shown in Fig. 4C. Two distinct regions of FGF-1 

events at +200 mV are visible in Fig. 4B. These observations can be rationalized by 

considering the structural configuration of FGF-1.  

Moreover, studies have confirmed the presence of arginine 

residues in FGF-1, which are positively charged and contribute 

to the binding of heparin.59 FGF-1 events displayed bimodal 

distributions of current blockades (Fig. 4C), with the first peak 

comparable to that of heparin mean current blockade and the 

second peak significantly higher in magnitude than that of 

heparin. Fig. S6 under Section 6 of Supporting Information 

elaborates a detailed comparative study of these two types of 

peaks along the transmembrane voltages: +100mV, +200mV, 

+300mV, and +400mV. Summarized in Table 1 are the mean 

current drops of these bimodal distributions observed in FGF-1 

events. We hypothesize that the interaction of these positively 

charged domains of FGF-1 at physiological pH with the 

negatively charged nanopore walls may result in higher 

blockades during their translocation. The opposite charge 

attraction forces between the heparin binding domains of FGF-

1 molecules and nanopore walls attract the molecules towards 

the pore walls during their translocation. This introduces non-

uniformity in the electric field inside the nanopore and results 

in a considerable change in ionic resistance while FGF-1 diffuses 

through the orifice. The off-axis effects60 or the temporal 

change in resolution61 that ensue could lead to the bimodal 

blockades distributions observed during FGF-1 translocations. 
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The transient spikes, as seen in the current traces of 0.5 s (Fig. 

4A) result from the passage of FGF-1 through the pore. The 

relationship between dwell time and corresponding current 

blockades as a function of applied positive potential is depicted 

in a scatter plot (Fig. 4B). 

Extensive research has conclusively demonstrated the 

formation of dimeric complexes involving FGF-1, their receptors 

and heparin, unravelling how FGF-1 effectively binds with 

heparin even in the absence of its receptors.62 Though it has 

been well-established that sulfate and carboxylate groups 

within heparin chains play a crucial role in interacting with FGF-

1 heparin-binding domains through direct ionic interactions,63 it 

is noteworthy to understand the contribution of optimal van 

der Waals forces in strengthening the heparin-FGF-1 binding 

complex.64 Moreover, the specificity of FGF-1 serotype binding 

to heparin is highlighted by the unique sulfate requirements. 

Unlike most FGF serotypes that require only one sulfate (2-O 

sulfation), the FGF-1 serotype necessitates both 2-O sulfate and 

6-O sulfate of heparin disaccharide for efficient binding.65 

Consequently, it can be reasoned that the two samples: heparin 

and FGF-1, used in our study bound directly and efficiently when 

mixed and incubated.  
 

 
Fig.  5    Mixture analysis for heparin and FGF -1 proteins. 100 nM of High-Grade Heparin 

(HGH) is mixed with 100 nM of FGF-1 in an equal ratio (1:1) before loading it to the cis 

side for studying translocation dynamics. The cis and trans chambers are filled with 

symmetric 3M KCl and 10 mM TRIS salt concentration at pH 7.6. A 100 nM equimolar 

mixture was loaded to the cis side before taking measurements. (A) Sample current 

traces of heparin + FGF-1 at various applied transmembrane potentials: (i) 100 mV 

(bronze), (ii) 200 mV (green), (iii) 300 mV (red), and (iv) 400 mV (purple). Each trace is of 

t = 1s.  (B) Scatter plot of dwell time (Δt) vs. current blockade (ΔI) under an applied 

potential of 100 mV – 300 mV.  (C) Statistical representation of current blockades 

distribution of translocation events ranging from 100 mV to 300 mV. The ΔI values 

(mean) obtained from the fit were 1426.4 pA (n = 1266), 1686.6 pA (n = 3850), and 2763.6 

pA (n = 2302) at 100 mV, 200 mV, and 300 mV, respectively.  ‘n’ is the number of 

extracted events used for data analysis. The data in the distribution are represented by 

the bar, while the solid line with the same color is their fit.  

Previous research has confirmed the biologically active 

dimeric structure of the Heparin-FGF-1 binding complex, as 

illustrated in Fig. 1C.26 Our molecules of interest, Heparin and 

FGF-1, naturally adapt a stable conformation. However, 

external forces generated from the enhanced electric field in 

the pore’s vicinity could facilitate conformational changes 

within their structures. These conformational changes have the 

potential to form alternate complexes with more than two FGF-

1 bound to heparin. The above reasoning is supported by the 

significant increase in current drops observed in the 

translocation of the mixture. Fig. 5A shows the increase in 

blockade amplitude when compared to individual heparin and 

FGF-1 events. As depicted in Fig. 5C, there is an approximately 

5-fold increase in the mean current drop at voltages +100 mV, 

+200 mV, and +300 mV. However, the signal-to-noise ratio is 

notably low compared to that of individual analyte 

translocations, and frequent clogging events were encountered 

in mixture translocations suggesting that the complex is more 

stable than the individual analytes. Moreover, single events 

displayed either two step current drops or current drops with 

higher dwell times (See Supporting Information Fig. S7 A-D). 

This can be attributed to the different orientations and 

conformations of heparin-FGF-1 complexes translocated 

through the nanopore. Presumably, the binding of heparin with 

FGF-1 stabilizes the structure, restricting the FGF-1 flexibility. 

The overall charge of heparin molecules remains mostly 

unchanged after binding with FGF-1 proteins, as heparin is 

inherently considered a highly sulphated and highly negatively 

charged molecule. The translocation of binding complexes, 

which are highly negatively charged, through a negatively 

charged pore gives rise to electrostatic repulsions. These 

repulsions can induce fluctuations in ion transport through the 

nanopore, ultimately manifesting as elevated noise in current 

during experiments. As discussed earlier, the heightened noise 

levels can be attributed to the electrostatic interactions 

between the binding complexes and the negatively charged 

pore membrane. Furthermore, the frequent clogging events 

resemble the augmentation of the excluded volume of 

translocated analytes (mixture) compared to the individual 

heparin and FGF-1 molecules. It is noteworthy that unbound 

heparin and FGF1 molecules could be translocating through the 

nanopore. However, the higher noise associated with complex 

translocations is significantly greater than that of blockades 

linked to individual heparin and FGF1 translocations. Thus, 

these elevated noise levels could impede the detection of such 

translocations. Fig. 5B illustrates a scatter plot depicting the 

translocating complex characteristics confirming a rise in both 

dwell time and blockades as the applied potential increases 

from 100 mV to 300 mV. 

 
Fig.  6    Comparison of translocation dynamics of heparin (pink), FGF-1(green), and the 

heparin-FGF-1 complex (purple) under consistent 3M KCl, 10 mM TRIS, pH 7.6 electrolytic 

conditions and applied transmembrane potential. Heparin and FGF-1 were mixed in an 

equal ratio (1:1) in the same electrolyte before loading it to the cis side of the flow cell 

before taking experimental data. (A) Scatter plot of dwell time (Δt) vs. current blockades 

(ΔI) at the applied potential of 200 mV. (B) Their current blockades distribution of 

translocation events at 200 mV. The data in the distribution are represented by the bar, 

while the solid line with the same color is their fit. The ΔI values (mean) obtained from 

the fit were 338.8 pA (n = 4930), 292.2 pA (n = 5515), and 1686.593 pA (n = 3850) for 

heparin, FGF-1, and the mixture. ‘n’ is the number of extracted events used for data 
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analysis. Both the mixture blockade events at +200 mV are distinctive against the heparin 

and FGF-1 events, giving rise to a 5-fold increase in current drop compared to individual 

heparin and FGF-1 translocations.  

To have a better picture, we have compared the individual 

heparin, and FGF-1 events and the mixture events under +200 

mV voltage bias in 3M KCI electrolyte. Thousands of events 

were analyzed, and the results are plotted in Fig. 6A as a scatter 

plot: dwell time vs. current blockades. Each dot represents a 

single event. As evident from Fig. 6B, the current distribution 

appears to be unique and there is a distinguishable increase in 

blockade distribution of the mixture compared to that of 

individual heparin and FGF-1. Similar types of relationships are 

seen at other voltages as summarized under Supporting 

Information (Fig. S8 A-C). These observations suggest that solid-

state nanopore systems can efficiently utilized to discriminate 

between individual heparin and FGF-1 and their binding 

complexes – which is very essential for understating their 

biophysical properties that can influence various biological 

activities. In contrast to alternative methods like X-ray 

crystallography, nuclear magnetic resonance (NMR), infrared 

spectroscopy (IR), and atomic force microscopy (AFM) used for 

comprehending protein-protein interactions, nanopore 

technology addresses challenges such as the elevated cost of 

reagents and devices, as well as the time scale required for 

analysis. 

 

3.   CONCLUSIONS 

Protein-protein interactions (PPIs) play an important role in 

various biological processes, and their significance extends 

across different aspects of cellular function. In this study, 

nanopore technology was employed to investigate the 

properties of heparin, FGF-1, and their complex, heparin-FGF-1 

interactions at a single molecular level. The distinct patterns 

observed in the translocations of individual analytes and their 

binding complexes highlight the potential for discriminating 

between heparin, FGF-1, and their interactions. The observed 

trends in current blockades and dwell time of heparin 

translocation suggested conformational changes in heparin, 

potentially unfolding at higher electrophoretic forces. Similar 

experiments were conducted for FGF-1, and the results 

indicated bimodal distributions of current blockades, possibly 

associated with the electrostatic interactions between FGF-1 

and the nanopore walls. The study also explored the mixture of 

heparin and FGF-1 (1:1), revealing a 5-fold increase in blockade 

amplitude compared to individual analyte events confirming 

the formation of the heparin-FGF-1 complex. This has allowed 

us to monitor the heparin-FGF-1 interaction in a very rapid 

fashion in a real-time scenario. To thoroughly evaluate the 

accuracy of their discrimination, future work will involve 

comparing the histogram with a theoretical distribution curve, 

applying numerical simulations to assess their alignment. 

However, multicomponent transient complexes have yet to be 

characterized in terms of their detailed structures and binding 

affinity. This research opens avenues for further exploration 

and refinement of nanopore technology in the analysis of 

protein-protein interactions. Future studies could delve deeper 

into understanding the molecular mechanisms governing these 

translocations, particularly focusing on the conformational 

changes and structural stability of the heparin-FGF-1 complex. 

Exploring the specificities of FGF-1 serotype binding to heparin, 

as well as the role of van der Waals forces in strengthening the 

complex, could provide valuable insights into the binding 

dynamics. Additionally, efforts to optimize experimental 

conditions and nanopore characteristics may enhance the 

sensitivity and specificity of the technique. Ultimately, the 

ability to discriminate and characterize these molecular 

interactions at the single-molecule level holds significant 

promise for modulating the biological activity of FGF-1, offering 

potential applications in therapeutic and drug development. 
 

4. EXPERIMENTAL 
Materials 

SixNy membranes of ~12nm thickness were directly purchased 

from Norcada (NXDB-50H105V122) for nanopore fabrication. 

Nanopore fabrication on SixNy membranes was achieved 

through CT-CDB.66 SixNy chips were loaded between two 

polydimethylsiloxane (PDMS) layers and encapsulated within 

two flow cells. Subsequently, the two flow cell chambers were 

filled with 370 µl of 10 mM tris buffered 1 M KCl at pH 10.0 and 

80 µl of NaOCl (Product number: 425044, Sigma-Aldrich) each. 

A pore (<17 nm) was initially fabricated by applying 7 V-8 V 

across the membrane. The targeted pore diameter of ~17 nm 

was achieved by applying voltage pulses at 4.5 V, with periodic 

monitoring of pore diameter conducted by analyzing the pore’s 

current-voltage (I-V) characteristic curve with a 1kHz low-pass 

Bessel filter. The final current-voltage characteristic curves are 

outlined in section 1 under Supporting Information (Fig. S1 A-B). 

Post-pore fabrication, the flow cell setup underwent meticulous 

cleaning employing de-ionized (DI) water to eliminate residual 

bleach contaminants. For regulating pH in our electrolytes, HCl 

(Product number: 1.60328, Sigma-Aldrich), and KOH (Product 

number: 1.09107, Sigma-Aldrich) were used. 

 
Sample Preparation  

50 µM stock solutions of High-Grade Heparin (HEP-HG 100, 

Iduron, UK) were prepared by dissolving 11.8 mg of solid (as 

supplied) in 15 ml of >18 MΩ cm ultra-pure water (ARS-102 

Aries high-purity water systems). 6.45 µM stock solutions of E. 

coli-derived human Fibroblast Growth Factor acidic/FGF-1 

(CQ3622021, bio techne, USA) were prepared dissolving 25 µg 

of protein in 250 µl of 1x PBS (Phosphate Buffered Saline). For 

all the set of experiments, KCl was used as the electrolyte. KCl 

(P9333, Sigma-Aldrich) was prepared by dissolving the required 

amount of salt in ultra-pure water and buffering using a 10 mM 

TRIS buffer (J61036, Fisher Scientific, USA). The required pH was 

achieved by appropriately adding 1 M HCl or 1 M KOH droplets 

and frequent pH measurements using Orion Star 

pH/conductivity multiparameter meter. 

 
Nanopore Sensing Setup and Methodology 

For protein sensing experiments, cis and trans chambers were 

filled with 450 µl of 10 mM tris buffered 3 M KCl at pH 7.6. Prior 
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to the introduction of any analyte to the flow cell, open pore 

currents were recorded with a 10 kHz low-pass Bessel filter at 4 

different voltage biases: 100 mV, 200 mV, 300 mV, and 400 mV, 

and all analytes were brought down to room temperature and 

were sonicated for 15 mins in an ultrasonic bath (CPX2800H 

BRANSON series). In the context of individual heparin 

experiments, heparin was introduced to the cis chamber to a 

final concentration of 200 nM and subsequently translocated 

through the nanopore to the trans chamber under distinct 

voltage biases of 100 mV, 200 mV, 300 mV, and 400 mV. 

Correspondingly, this protocol was applied to individual FGF-1 

experiments. heparin-FGF-1 binding complexes were prepared 

by mixing 100 nM of heparin and FGF-1 each and were 

incubated (BIO-RAD T100 Thermal Cycle) at 37°C for 1 hour.  

 
Data Analysis 

The electrical measurements in the set of experiments were 

conducted using an Axopatch 200B (Molecular Devices, LLC) 

with a low-pass Bessel filter at 10 kHz sampled at 250 kHz and 

digitized using Axon Digidata 1550B (Molecular Devices, LLC). 

Data was recorded with pCLAMP 11.2 software (Molecular 

Devices). All the recorded event profiles were extracted using 

EventPro 3 software,67 and the data were further analyzed using 

OriginPro 2024 version 10.1.0.170 (OriginLab Corporation) 

software.   
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