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SUMMARY

Urine, an easily accessible body fluid, contains rich metabolic compounds reflecting the human health con

dition. Though urine analysis can be carried out by many conventional analytical methods, direct, rapid, and 

simultaneous identification of a variety of urinary metabolites by a handheld device remains challenging. 

Recent developments in nanopore small molecule sensing may suggest direct urine analysis performed by 

an engineered nanopore. Here, a hetero-octameric Mycobacterium smegmatis porin A (MspA) nanopore im

mobilized with a single nickel ion is confirmed to be suitable for the simultaneous identification of six urinary 

metabolites: creatinine, taurine, histidine, 1-methylhistidine, 3-methylhistidine, and hypoxanthine. With the 

assistance of machine learning, an overall accuracy of 98.5% was reported. This urine sensing capacity 

was further applied in real-time urinary metabolite monitoring after diet and physical exercise. These proofs 

of concept suggest a variety of nanopore-based body fluid analyses for early diagnosis, health management, 

pharmacokinetic monitoring, and doping tests.

INTRODUCTION

Urine, a crucial and easily accessible biofluid, is a sophisticated 

blend of chemical constituents, including water, sodium, potas

sium, urea, creatinine, uric acid, amino acids, vitamins, and trace 

amounts of hormones.1 The generation of these substances is 

closely associated with a variety of metabolic pathways. For 

example, urea is generated during the urea cycle in the liver by 

the conversion of ammonia, a byproduct of protein metabolism.2

Creatinine is generated by the breakdown of creatine phosphate 

in muscle tissues at a relatively steady rate,3 and uric acid is pro

duced during the metabolism of purine.4 Rapid, simultaneous, 

and real-time monitoring of these chemical constituents in hu

man urine may provide valuable information about human health 

conditions.5

Conventionally, urine analysis may be carried out by nuc

lear magnetic resonance (NMR),6 high-performance liquid 

chromatography (HPLC),7,8 and liquid chromatography-mass 

PROGRESS AND POTENTIAL A critical societal health challenge lies in the rapid, direct, and low-cost detec

tion of metabolites in biofluids such as urine. Among nanopore variants, a Mycobacterium smegmatis porin A 

(MspA) nanopore immobilized with a single nickel ion has been demonstrated to enable simultaneous iden

tification of six urinary metabolites—creatinine, taurine, histidine, 1-methylhistidine, 3-methylhistidine, and 

hypoxanthine—in untreated urine. An advantage of this approach is its ability to detect metabolites directly 

in raw urine without complex or costly sample preparation, thereby obviating the need for elaborate pretreat

ment protocols. This simplicity facilitates real-time monitoring of urinary metabolite fluctuations triggered by 

dietary intake or physical exercise. Furthermore, the method’s operational simplicity renders it highly suitable 

for point-of-care diagnostics in resource-limited or remote settings, where accessibility to sophisticated lab

oratory infrastructure is constrained. 

Matter 8, 102329, November 5, 2025 © 2025 Elsevier Inc. 1 
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Please cite this article in press as: Li et al., In-house nanopore analysis of urine metabolites and its applications in nutrition and sport monitoring, Matter 

(2025), https://doi.org/10.1016/j.matt.2025.102329

ll

mailto:shuo.huang@nju.edu.cn
https://doi.org/10.1016/j.matt.2025.102329


spectrometry (LC-MS).9 However, due to their technical 

complexity, these spectroscopic and chromatographic tech

niques usually require troublesome sample pretreatment and 

specialized training in instrument operation.10 All the instruments 

mentioned above are bulky and expensive, prohibiting the in- 

house monitoring of urine composition without the need for 

specialized training in instrument operation. As reported, a vari

ety of diseases, such as gout,11 diabetes,12 and kidney failure,13

are strongly associated with abnormal levels of urine metabo

lites. Thus, a rapid, accurate, and portable in-house device for 

urine analysis is urgently needed.

Nanopores are emerging single-molecule sensors widely 

known for their applications in sequencing.14,15 Besides their 

uses in sequencing, recent advances also demonstrate their 

utility across diverse fields, including disease diagnosis 

through ultrasensitive biomarker detection,16–19 environmental 

monitoring through pollutant sensing,20,21 and parasitic 

species characterization through nanopore sequencing.22,23

These developments highlight its growing importance as a 

versatile analytical tool. The versatility of nanopore has also 

enabled direct identification of small molecules in body 

fluids,24 including serum25 and urine.26 Specifically, a Cyto

lysin A (ClyA) nanopore, when equipped with suitable protein 

adapters, could detect glucose, asparagine, and vitamin B1 

in urine samples.24,26 This sensing strategy, however, requires 

the existence of suitable protein adapters for specific target 

analytes. Since the ClyA can only accommodate a single 

protein adapter at a time, the high specificity of the protein 

adapter thus prohibits simultaneous analysis of multiple types 

of metabolites in urine. On the other hand, a Mycobacterium 

smegmatis porin A (MspA) may be conjugated with a 

phenylboronic acid (PBA) adapter at its pore constriction 

(MspA-90PBA), with which glucose, DL-lactic acid, and 

gluconic acid can be simultaneously sensed directly from 

serum.25 This strategy, which relies on reversible chemical 

reactions between the analyte and the adapter, offers a 

much higher resolution and can simultaneously probe a vari

ety of analytes. However, direct nanopore analysis of the urine 

sample following this single-molecule reaction-based strategy 

has never been reported before.

Human urine contains a large variety of metabolites, 

including but not limited to urea, glucose, uric acid, ammonia, 

creatinine, taurine, histidine, 1-methylhistidine, 3-methylhisti

dine, and hypoxanthine.1,9,27 Among these, six metabolites, 

including creatinine, taurine, histidine, 1-methylhistidine, 

3-methylhistidine, and hypoxanthine, were applied as analy

tes. These metabolites were chosen based on their physiolog

ical relevance3,28–31 and their chemical compatibility with the 

Ni2+-functionalized MspA nanopore with nitrilotriacetic acid 

(MspA-NTA-Ni). An abrupt change in the level of urine metab

olites may be caused by certain daily activities, such as diet or 

physical exercise. It might also be associated with drug up

take32 or severe health conditions,33 suggesting an urgent 

need for daily monitoring of urinary metabolites by a portable 

sensor device. To enable this, an MspA nanopore may be 

installed with a suitable adapter for the simultaneous identifi

cation of urine metabolites. Acknowledging the simplicity of 

nanopore operation, this assay, which is wound-free, may 

be applied in real-time monitoring of human health conditions 

(Scheme 1).

RESULTS AND DISCUSSION

Screening of suitable nanopore types

To testify whether the MspA nanopore previously used for 

serum sensing25 is directly usable for urine analysis, the 

M2-MspA34 and MspA-90PBA were evaluated during urine 

analysis. Experimentally, all measurements were carried out 

with a single nanopore in a buffer of 1.5 M KCl, 10 mM 

CHES, pH 9.0. A voltage of +100 mV was applied continually. 

For each measurement, 25 μL of the human urine sample was 

added to cis of the nanopore device (Figure 1A; see methods

section). Here, the measurement chamber, which is electri

cally grounded, is defined as cis, and its apposing 

chamber is defined as trans. According to the results, though 

some nanopore events were observed after urine addition 

(Figures 1B and 1C), they failed to show consistent and 

well-defined event features in the corresponding scatterplots 

(Figures 1F and 1G). The negative results reported by M2- 

MspA confirm that an unmodified biological nanopore is not 

directly usable for nanopore urine analysis (Figure 1B). The 

negative result reported by MspA-90PBA, which is specialized 

for carbohydrate sensing, indicates that the urine acquired 

from a healthy volunteer contains a negligible amount of 

carbohydrates for nanopore analysis (Figure 1C).

It is worth noting that urine contains a variety of nitrogen- 

rich compounds, including creatinine, taurine, histidine, 

1-methylhistidine, 3-methylhistidine, and hypoxanthine. This 

suggests that nanopore urine analysis may be carried out by 

a metal-immobilized nanopore. Previously, the MspA nano

pore may also have been conjugated with the NTA adapter. 

When a Ni2+ ion is further chelated by this NTA adapter, form

ing a Ni2+-immobilized MspA referred to as MspA-NTA-Ni 

(Figure S1), direct nanopore sensing of amino acids35 and thy

roxines36 was enabled. This MspA appended with the NTA 

adapter may also chelate other metal ions to enable other 

sensing capacities. Here, MspA-NTA-Cu (Figure 1D) and 

MspA-NTA-Ni (Figure 1E), which represent an MspA nanopore 

immobilized with a single copper or nickel ion, respectively, 

were applied for the measurement. For consistency, all 

measurements were carried out under identical conditions 

previously used for M2 MspA and MspA-90PBA. With 

MspA-NTA-Cu, immediately after urine addition, a high event 

appearance rate was observed. However, according to the 

corresponding event scatterplot, no clear event clusters 

were observed, indicating that these events fail to have 

consistent and well-defined event features (Figure 1H). On 

the other hand, plenty of events were reported by MspA- 

NTA-Ni upon urine addition. Different from that reported by 

MspA-NTA-Cu, these events generally reside longer and 

report consistent event features, as shown in the correspond

ing event scatterplots (Figure 1I). Conversely, results acquired 

with nanopores prior to urine addition are also demonstrated 

(Figure S2), further confirming that these events are from com

pounds in the added urine. Though all four types of nanopores 

may report events upon urine addition, only the MspA-NTA-Ni 
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report highly characteristic and recognizable event features 

suitable for urine analysis, suggesting a further in-depth inves

tigation of MspA-NTA-Ni for urine analysis.

Analysis of urinary metabolites by MspA-NTA-Ni

In principle, any compound in urine that may bind to and 

dissociate from the immobilized Ni2+ of MspA-NTA-Ni would 

report corresponding nanopore events (Figure 2A). Though the 

exact identities of the observed events remain unclear, they 

are likely generated by the most abundant compounds in 

urine, which can coordinate with Ni2+. To start with, several 

representative compounds, such as urea, creatinine, taurine, 

histidine, 1-methylhistidine, 3-methylhistidine, and uric acid, 

were measured by MspA-NTA-Ni in separate measurements.

Each measurement was performed with a single MspA-NTA- 

Ni in a 1.5-M KCl buffer (1.5 M KCl, 10 mM CHES, pH 9.0), and 

a continuous transmembrane potential of +100 mV was applied. 

Prior to separate measurements, each type of compound was 

added to the cis chamber at a final concentration of 100 μM. Ac

cording to the results, urea and uric acid, which are abundant in 

urine, did not produce any events (Figure S3).

On the other hand, creatinine, taurine, histidine, 1-methylhisti

dine, and 3-methylhistidine reported clear events, indicating 

strong interactions between these analytes and the immobilized 

nickel ion at the pore constriction (Figures 2B, S4, and S5). Specif

ically, creatinine and taurine, both containing amino groups, 

could coordinate with Ni2+ to produce distinct events, with 

taurine’s sulfonate group enhancing its interaction. Histidine and 

3-methylhistidine form stable five-membered rings with Ni2+ by 

bidentate chelation involving their amino and carboxyl groups. 

Their imidazole side chains may also coordinate with the Ni2+, re

porting a secondary binding mode. Thus, both histidine and 

3-methylhistidine report two types of events. In contrast to 

3-methylhistidine, which simultaneously reports two types of 

events, 1-methylhistidine, an isomer of 3-methylhistidine, reports 

only one event type, a result of its limited coordination capacity 

caused by the imidazole methyl group. Their event features are 

highly characteristic, indicating that they could be easily discrimi

nated from each other even if they are measured in a mixture. For 

clarity, type 1 and type 2 events of histidine and 3-methylhistidine 

are referred to as H1/H2 and 3-MH1/3-MH2, respectively 

(Figure S5).

To describe all nanopore events quantitatively, the open pore 

current (Io), event current (Ib), blockage amplitude (ΔI), noise 

amplitude (SD), and dwell time (toff) are defined in Figure S6. In 

a 2D event scatterplot of blockage amplitude (ΔI) and noise 

amplitude (SD), events acquired with creatinine, taurine, histi

dine, 1-methylhistidine, and 3-methylhistidine are visually 

distinct from each other (Figure S7A). Though some overlap is 

observed for events of histidine and creatinine, their 

Scheme 1. Schematic of nanopore urine analysis 

Nanopore urine analysis may be carried out using a portable nanopore analyzer. A hetero-octameric MspA nanopore installed with a molecular adapter, which 

reversibly reacts with a variety of urinary metabolites, is critical for event generation. This assay does not require any sample pretreatment, and a variety of urinary 

metabolites, including creatinine, taurine, histidine, 1-methylhistidine, 3-methylhistidine, and hypoxanthine, can be identified simultaneously. This nanopore 

assay could be applied in real-time monitoring of human health conditions and is useful in the investigation of diet and sport activities.
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corresponding events are clearly different if their event dwell time 

(toff) is considered simultaneously (Figures S7B and S7C). Thus, 

in a 3D scatterplot of ΔI, SD, and toff (Figures 2C and S7B), a thor

ough discrimination between all five compounds is observed. 

Based on the results of three independent measurements for 

each metabolite (N = 3), a high consistency of results is also 

confirmed. Details of these results are summarized in Table S1.

To further automate event identification, a custom machine 

learning algorithm was developed. The machine learning work

flow comprises data collection, feature matrix construction, 

model training, and evaluation. Initially, 600 events acquired 

with each model compound were selected for feature extrac

tion. For five classes of compounds, a total of 3,000 events 

were collected.

Five event features, including blockage amplitude (ΔI), 

standard deviation (SD), dwell time (toff), skewness (skew), 

and kurtosis (kurt), were extracted to build a feature matrix 

(Figures 2D and S8). All events in the matrix were labeled 

according to the compound used in the generation of events. 

This feature matrix was then randomly split into training data 

(80% of the feature matrix) for the training and validation of 

the model and testing data (20%) for model testing. Mainstream 

models, including Ensemble, Decision Trees, Discriminant 

Analysis, Naive Bayes, Support Vector Machine (SVM), 

K-Nearest Neighbor (KNN), and neural networks, were evalu

ated. The performance of each model was assessed using 

10-fold cross-validation to obtain the validation accuracy. The 

previously retained testing data were used to report the testing 

accuracy. All models reported a high validation accuracy, 

suggesting that the data acquired with different model com

pounds are easily discriminable from each other (Table S2). 

Among them, the quadratic discriminant model achieved 

the best performance, with a validation accuracy of 99.7% 

(Figure 2E). The corresponding confusion matrix result 

produced by the testing data is also shown in Figure 2F, ac

cording to which many compounds even report a 100% 

sensing accuracy. To evaluate the model training efficiency, 

the learning curve was generated (Figure S9), according to 

which no overfitting was observed. To be consistent, the 

quadratic discriminant model was applied throughout the 

rest of the manuscript. The selection of other models should, 

in principle, yield similar results.

Rapid analysis of urine using MspA-NTA-Ni

The above demonstrated sensing capacity and the custom data 

analysis algorithm can be used for the rapid identification of 

Figure 1. Urine analysis performed by different nanopores 

(A) The workflow of nanopore urine analysis. All measurements were carried out using a nanopore in a buffer of 1.5 M KCl, 10 mM CHES, pH 9.0, and a voltage 

of +100 mV was applied continually. Without any pretreatment, 25 μL of freshly collected human urine was directly added to the nanopore sensing device to 

initiate the measurement. 

(B–E) Representative traces acquired during urine analysis measured with (B) M2-MspA, (C) MspA-90PBA, (D) MspA-NTA-Cu, or (E) MspA-NTA-Ni. When 

measured with MspA-NTA-Ni (E), a variety of events with highly consistent event features were reported, appearing as clusters of events in the corresponding 

density scatterplot. Many events also report long-residing event dwell time, measuring a few seconds. On the other hand, events measured by MspA-NTA-Cu 

(D) are spiky and short-residing. Few events were detected when measured by MspA-90PBA (C) and M2-MspA (B). 

(F–I) Density scatterplot of ΔI versus SD acquired during urine analysis using (F) M2-MspA, (G) MspA-90PBA, (H) MspA-NTA-Cu, or (I) MspA-NTA-Ni. The color 

scale represents the local density around each point. Several clusters of events were observed in the results acquired from MspA-NTA-Ni, demonstrating that a 

few types of events with highly consistent event features are detected. However, this phenomenon is not observed when measured by other nanopore types.
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target metabolites directly from urine. The general workflow of 

rapid analysis of urine is described in Figure 3A. Briefly, fresh 

urine sample was first collected from a volunteer. All follow-up 

nanopore measurements were performed using MspA-NTA-Ni 

in the buffer of 1.5 M KCl, 10 mM CHES, and pH 9.0, and 

a +100 mV bias was continually applied. 25 μL of urine was 

directly added to the cis chamber without any pretreatment.

Immediately after this, successive resistive pulses were 

observed in the corresponding trace (Figure 3B). All recorded 

event features (ΔI, SD, toff, skew, and kurt) were extracted (see 

methods section), with which the corresponding 3D scatterplot 

was plotted (Figure 3C). Both supervised and unsupervised 

machine learning algorithms were used to identify metabolite 

events acquired from urine (Figure S10). Here, the One-Class 

SVM algorithm was employed to recognize events that do not 

belong to any previously trained standard events, with which 

the algorithm automatically categorizes them into identifiable 

and unidentifiable groups.

Subsequently, all identifiable events were predicted by the 

previously trained quadratic discriminant model. According to 

the prediction results, events generated by creatinine, taurine, 

histidine, 1-methylhistidine, and 3-methylhistidine were clearly 

identified from urine. In a continually recorded trace, all identified 

events were predicted by machine learning and labeled on the 

trace (Figures 3B and S11) and the corresponding event scatter

plot (Figure 3C). Three independent measurements were also 

carried out (Figure S12), according to which a high reproduc

ibility of results is reported. The measurement durability is also 

validated (Figure S13), demonstrating that nanopore urine anal

ysis could be continually carried out for more than 6 h.

According to the results of the concentration dependence 

assay, the frequency of event appearance is proportional 

to the corresponding analyte concentration (Figure S14; 

Table S3), which forms the basis for metabolite quantification 

(see methods section). Considering the measurement 

efficiency of the current setup, the dynamic range of sensing 

can nearly cover the concentration variation of the aforemen

tioned human urine metabolites (Table S3).1,37,38 However, it is 

slightly insufficient to cover the lower concentration range of 

taurine, 1-methylhistidine, 3-methylhistidine, and hypoxanthine 

(Table S3). Nevertheless, the detection limit could be potentially 

improved further through approaches such as adding more urine 

samples, enriching the sample, reducing the size of the 

measurement chamber, extending the measurement time, or us

ing a large array of nanopores. Fluctuations in urine concentra

tion among individuals can substantially interfere with the 

Figure 2. Identification of urinary metabolites using MspA-NTA-Ni 

(A) Top: The structure of MspA-NTA-Ni. MspA-NTA-Ni is a hetero-octameric MspA modified with a nitrilotriacetic acid (NTA) adapter with a chelated nickel ion. 

Bottom: The sensing mechanism. The analyte, which reversibly coordinates with the immobilized Ni2+, reports characteristic event features for event identifi

cation. 

(B) The chemical structures and representative events of a variety of urinary metabolites, including creatinine (Cr), taurine (Ta), 1-methylhistidine (1-MH), histidine 

(H), and 3-methylhistidine (3-MH). All measurements were carried out using MspA-NTA-Ni in a buffer of 1.5 M KCl, 10 mM CHES, pH 9.0, and a voltage of +100 mV 

was applied continually. In separate measurements, each metabolite was added to cis to reach a final concentration of 100 μM. 

(C) 3D event scatterplot of blockage amplitude (ΔI), standard deviation (SD), and logarithm of the dwell time (lg(toff)) for different metabolites. Six hundred events 

acquired with each metabolite were used to generate the plot. 

(D) Feature extraction. Five features, including ΔI, SD, toff, skewness (skew), and kurtosis (kurt), were extracted from each event. All extracted features were 

combined to form a feature matrix for machine learning. 

(E) Model evaluation. Seven built-in classifiers—Ensemble, Decision Trees, Discriminant Analysis, Naive Bayes, Support Vector Machine (SVM), K-Nearest 

Neighbor (KNN), and neural networks—were trained. The results were evaluated by 10-fold cross-validation to determine the corresponding validation accu

racies. The quadratic discriminant model achieved the highest validation accuracy of 99.7%. 

(F) The confusion matrix result produced by the quadratic discriminant model. The true positive rate (TPR) and false negative rate (FNR) are shown on the right.
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measurement. To tackle this, a normalization method was devel

oped. This method is based on the total concentration of identifi

able metabolites and is similar to the normalization of MS 

Total Useful Signals.39–41 Specifically, the total concentration 

of all identifiable metabolites serves as the denominator, and 

the concentration of each metabolite serves as the numerator. 

The effectiveness of this normalization method is also demon

strated using urine samples with simulated concentration varia

tions (Figure S15).

Nutrition metabolism monitored by nanopore

Certain urinary metabolites could serve as indicators of dietary 

intake. As reported, within hours after certain food consumption, 

a change in the corresponding urinary metabolite level could be 

observed.42 Specifically, meat consumption could produce uri

nary metabolites, such as uric acid,43 3-methylhistidine,29 and 

taurine.44 Though sensing of these metabolites can be carried 

out by LC-MS45 and NMR,46 the complexity, high cost, and bulky 

size of these instruments have prohibited in-house and real-time 

monitoring of urinary metabolites by an untrained person. How

ever, a nanopore-based urinary metabolite sensing device may 

address this issue adequately.

To avoid interferences, a volunteer first experienced fasting for 

12 h, and then the urine sample of this volunteer was collected. 

Afterward, the volunteer consumed 100 g of chicken (Figure 4A). 

Two more urine samples of this volunteer were collected 30 min 

and 1 h after chicken consumption (see methods section). All 

three urine samples were immediately analyzed by MspA-NTA- 

Ni. In each measurement, 25 μL urine sample was directly added 

to the cis chamber without any pretreatment.

Raw nanopore traces acquired during this assay are demon

strated in Figures 4B and S16. All event features (ΔI, SD, toff, 

skew, and kurt) were extracted (see methods section), and their 

corresponding scatterplots of ΔI versus SD are shown in 

Figures 4C–4E. All identifiable nanopore events, which were 

judged by the One Class SVM algorithm, were predicted by 

the previously trained quadratic discriminant model. All identified 

events are labeled on the trace (Figures 4B and S16) and color- 

marked in the scatterplot (Figures 4C–4E).

According to the results, chicken consumption resulted in a 

rapid increase of 3-methylhistidine levels in the urine sample of 

the volunteer (Figure 4F). Three independent measurements 

were also carried out (Figure S17), and the same phenomenon 

was observed. To cross-validate the results across different 

platforms, freshly collected urine samples were measured in 

parallel by nanopore and LC-MS/MS. Despite the existence of 

some minor variations, results obtained from both platforms 

were generally consistent, thereby confirming the validity of 

the nanopore method (Figure S18). To further confirm the gener

ality of this phenomenon, the identical assay was performed 

with two other volunteers, and the same conclusion was 

drawn (Figures S19 and S20). According to the literature, 

3-methylhistidine can originate from two sources: dietary intake 

and the degradation of muscle proteins.47 Considering that all 

volunteers did not do strenuous exercise within this monitoring 

period, the increase in 3-methylhistidine levels can be primarily 

attributed to chicken consumption.

A negative control experiment was also conducted 

(Figure 4G). In this assay, the volunteer again experienced 

fasting for 12 h, after which a urine sample was collected. The 

volunteer then consumed 100 g of steamed bread instead of 

chicken. The steamed bread mainly contains carbohydrates. 

This test evaluates whether the previously recorded increase in 

3-methylhistidine level may be a consequence of food instead 

of meat consumption. After this, two more urine samples were 

collected 30 min and 1 h after steam bread consumption. All 

Figure 3. Urine analysis performed by MspA-NTA-Ni 

(A) The workflow of nanopore urine analysis. The measurement was carried out using an MspA-NTA-Ni in a buffer of 1.5 M KCl, 10 mM CHES, pH 9.0. A voltage 

of +100 mV was applied continually. To initiate the measurement, 25 μL urine sample was directly added to the device. Afterward, nanopore results 

were acquired, and the corresponding event features (ΔI, SD, toff, skew, and kurt) were extracted. According to these features, all events were predicted by 

machine learning. 

(B) A representative trace acquired during urine analysis performed with MspA-NTA-Ni. The events were identified by a previously trained quadratic discriminant 

model and labeled accordingly. To show more details, a zoomed-in view of this trace is shown in Figure S11. 

(C) 3D scatterplot of ΔI, SD, and lg(toff) of urine metabolite events. Events that failed to match with any events previously used for machine learning were 

considered as outliers by a One-Class SVM algorithm (Figure S10), and were then labeled as unknown events (Un). All remaining events were further identified by 

a trained quadratic discriminant model (Figure 2F) and labeled accordingly.
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Figure 4. Nanopore evaluation of urinary metabolites caused by meat consumption 

(A) Urine analysis performed before and after meat consumption. A volunteer first underwent fasting for 12 h. Then the volunteer consumed 100 g of chicken 

meat. Urine samples of this volunteer were collected prior to, 0.5 h, and 1 h after meat consumption. Nanopore analysis of the collected urine samples was 

performed afterward. 

(B) A representative trace acquired with the urine sample collected 1 h after chicken consumption using MspA-NTA-Ni. Nanopore events were identified by the 

previously trained quadratic discriminant model and labeled accordingly. Transient spike noises, which are background noises generated by MspA-NTA-Ni, were 

excluded from further analysis (Figure S8). 

(C–E) Event scatterplots of ΔI versus SD of events acquired with urine: (C) pre-consumption (520 events), (D) 0.5 h post-consumption (971 events), and (E) 1 h 

post-consumption (904 events). Events that failed to match with any event types previously used for machine learning training were identified by a One-Class 

SVM algorithm (Figure S10) and labeled as unknown events (Un). All remaining events were further classified by a trained quadratic discriminant model 

(Figure 2F) and labeled accordingly. 

(F) The proportion of identifiable metabolites. A higher proportion of 3-methylhistidine (3-MH) was observed in urine samples collected after chicken consumption 

(violet arrow). 

(G) The proportion of identifiable metabolites in urine before and after steam bread consumption. The proportion of 3-MH is generally unchanged. The error bars in 

(F) and (G) are standard deviations of the results of three independent measurements (N = 3) for each condition (Figures S17 and S22).
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three urine samples were immediately measured by MspA-NTA- 

Ni. According to the results, the 3-methylhistidine levels remain 

stable within the observation period (Figures S21 and S22), 

further confirming that the increase in 3-methylhistidine is a 

consequence of protein metabolism triggered by meat con

sumption. Though demonstrated with a simple example, these 

results clearly suggest the potential of nanopore urine analysis 

in the monitoring of daily activities, such as nutritional condition 

monitoring.

Physical exercise monitored by nanopore

Strenuous exercise could trigger certain metabolic responses, 

resulting in the generation of a variety of urinary metabolites 

caused by energy metabolism,48 protein turnover,49 and oxida

tive stress.50 A key metabolite generated by strenuous exercise 

is hypoxanthine, which is a byproduct of ATP breakdown. As re

ported, the hypoxanthine level in urine transiently peaks within 

hours after the exercise.28 Real-time monitoring of hypoxan

thine, which can be carried out right in the training court, may 

provide useful information for athlete training. Though a variety 

of conventional analytical methods could sense hypoxanthine 

generated after exercise,51,52 these sensing instruments are 

generally too bulky to be used in an outdoor environment. Their 

measurement operation is also too complicated for non-special

ists, such as a coach or an athlete. However, a nanopore-based 

sensing device may overcome these technical challenges by of

fering a rapid, accurate, and extremely user-friendly sensing 

interface.

Hypoxanthine, owing to the presence of its imidazole ring, is in 

principle detectable by MspA-NTA-Ni (Figure 5B). To validate 

that, corresponding nanopore measurements were performed 

using MspA-NTA-Ni in a 1.5-M KCl buffer solution (1.5 M KCl, 

10 mM CHES, pH 9.0). Standard compound hypoxanthine was 

added to cis to reach a final concentration of 100 μM. Immedi

ately afterward, plenty of short-residing resistive pulse events 

were observed (Figure 5B), experimentally confirming that hypo

xanthine could interact with the NTA-Ni adapter to report the cor

responding nanopore events. Since all measurement conditions 

were kept identical, the event features of hypoxanthine could be 

directly compared with those of creatinine, taurine, histidine, 

1-methylhistidine, and 3-methylhistidine.

Thus, event features of all the above-mentioned six classes of 

events were combined and sent for machine learning evaluation 

(Figures S23A and S23B). Among a variety of models, the 

Bagging Trees model has reported the best performance, 

achieving a validation accuracy of 98.5% (Table S4). The confu

sion matrix produced by the bagged trees model (Figure S23C) is 

also demonstrated, according to which, the inclusion of hypo

xanthine did not decrease the overall validation accuracy of 

the model, and simultaneous discrimination between all six 

types of events is clearly achievable.

To show whether hypoxanthine could be monitored in the hu

man urine sample, a nanopore assay of urine collected after 

physical exercise is designed. To also demonstrate the porta

bility of nanopore analysis, all measurements in this assay 

were performed by a portable patch clamp amplifier (Orbit 

Mini, Nanion Technologies, Germany). To avoid interferences 

introduced from food consumption, a volunteer first experienced 

fasting for 12 h, and the first urine sample was collected prior to 

physical exercise. Then, the volunteer completed a running exer

cise for 2 km at a pace of 6 min/km (Figure 5A). Two more urine 

samples were collected 30 min and 2 h after the completion of 

the exercise (see methods section). A detailed workflow of nano

pore urine analysis is summarized in Figure S24.

Experimentally, in each separate measurement, 25 μL of urine 

was directly added to cis without any pretreatment. Raw traces 

acquired with these samples are demonstrated in Figures 5C, 

S25, and S26. All identifiable events, which were recognized 

by a One Class SVM algorithm, were then identified by the pre

viously trained Bagging Trees model. The results of scatterplots 

of ΔI versus SD are demonstrated in Figures 5D–5F, according to 

which a clear increase in hypoxanthine was observed 30 min 

after the exercise (Figure 5G). Three independent trials were 

also performed to confirm the validity of this phenomenon 

(Figure S27). This assay was also performed with two other vol

unteers, and the same conclusion was drawn (Figures S28 and 

S29), which was consistent with the findings in the literature.53,54

It is worth noting that this increase in hypoxanthine level after 

physical exercise is transient. Results acquired 2 h after the ex

ercise indicate that the hypoxanthine level returned to the 

level prior to the exercise. Acknowledging the rapid measure

ment nature of nanopores, this transient increase in hypoxan

thine level in urine could be easily captured. Though demon

strated with a simple assay, the potential of rapid nanopore 

analysis to assist in training professional athletes is demon

strated. The portable nature of nanopore analysis also enabled 

direct urine analysis by the course (Figure 5A).

Conclusion

While protein nanopores offer distinct advantages, including 

atomic-level structural consistency, facile functionalization ca

pabilities, and excellent pH stability (operating range pH 2–12) 

over solid-state nanopores, they do have inherent limitations, 

including fixed pore dimensions and mechanical fragility 

of the lipid bilayer.55 Notably, these limitations do not signifi

cantly compromise their performance in urine analysis 

applications, as the size of urinary metabolites generally 

matches the pore dimensions of protein nanopores. Conse

quently, a Ni2+-immobilized MspA hetero-octamer (MspA- 

NTA-Ni) is designed, prepared, and applied for urine metabolite 

analysis. Acknowledging its high resolution, a variety of human 

urine metabolites, including creatinine, taurine, histidine, 

1-methylhistidine, 3-methylhistidine, and hypoxanthine, can 

be simultaneously identified by nanopore. The unique event 

features of these urinary metabolites and the custom machine 

learning algorithm enabled rapid and simultaneous analysis of 

a variety of human urine metabolites in the same assay. An 

overall identification accuracy of 98.5% was reported. 

Compared with electrochemical56 or optical54 methods, this 

nanopore method can directly analyze raw urine without the 

need for sample pretreatment. Additionally, it can simulta

neously handle various urine metabolites within the same 

assay. Unlike NMR or MS, which demand bulky equipment 

and professional training for operation, the nanopore method 

is simple, rapid, economic, and portable (Figure 5A; 

Table S5). As a result, it is highly suitable for in-house and 
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real-time monitoring of human health conditions. Although 

3-methylhistidine and hypoxanthine were predominantly 

affected during the test of chicken intake57 and strenuous exer

cise,53 other metabolites not investigated by MspA-NTA-Ni 

might also exhibit concentration fluctuations. Looking 

ahead, the nanopore could be equipped with other adapters 

to enable a more comprehensive study. Though not demon

strated in this paper, the use of this nanopore assay may be 

further expanded to drug doping tests or prospective 

pharmacokinetics.

Figure 5. Nanopore evaluation of urinary metabolites caused by physical exercise 

(A) Urine samples were collected from a volunteer before and after physical exercise. To avoid interference from food intake, the volunteer underwent fasting for 

12 h prior to the physical exercise. Then the volunteer completed 2 km of jogging in 12 min. 

(B) The chemical structure of hypoxanthine (Hx) and a representative trace containing Hx events. The trace was collected with a final concentration of 100 μM of 

Hx added to cis. 

(C) A representative trace acquired with urine collected 0.5 h after physical exercise. The events were identified by a trained bagged trees model (Figure S23) and 

labeled accordingly. A zoomed-in view of this figure is shown in Figure S26. 

(D–F) Scatterplots of ΔI versus SD of events acquired with urine: (D) pre-exercise (547 events), (E) 0.5 h post-exercise (1,844 events), and (F) 2 h post-exercise (452 

events). All events were identified by the bagged trees model (Figure S23) and used for further analysis. Hypoxanthine (Hx) events are labeled in blue. 

(G) Nanopore results of urine metabolites. A transient increase in the proportion of Hx was observed in the volunteer’s urine after the exercise. Error bars are 

standard deviations of results at each condition (N = 3) (Figure S27). All above measurements were carried out using MspA-NTA-Ni in a buffer of 1.5 M KCl, 10 mM 

CHES, pH 9.0 and a voltage of +100 mV was applied continually. To initiate each measurement, 25 μL of urine was added to cis.
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METHODS

Materials

Hexadecane, pentane, Genapol X-80, ammonium persulfate, 

sodium dodecyl sulfate, ethylenediamine tetraacetic acid 

(EDTA), N,N,N′,N′-tetramethylethylenediamine (TEMED), tris 

(2-carboxyethyl) phosphine hydrochloride (TCEP), and 30% acryl

amide/bis-acrylamide solution were from Sigma-Aldrich (USA). 

1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was 

from Avanti Polar Lipids (USA). Chelex 100 Resin, 4%–20% 

MiniPROTEAN TGX Gel, Precision Plus Protein Dual Xtra Stan

dards, stacking gel buffer (0.5 M Tris-HCl buffer, pH 6.8), and 

resolving gel buffer (1.5 M Tris-HCl buffer, pH 8.8) were from 

Bio-Rad (USA). 2-(N-cyclohexylamino) ethane sulfonic acid 

(CHES), nickel sulfate (NiSO4), potassium chloride (KCl), sodium 

chloride (NaCl), sodium hydrogen phosphate (Na2HPO4), sodium 

dihydrogen phosphate (NaH2PO4), and Coomassie blue fast stain

ing solution were from Aladdin (China). Tris (hydroxymethyl)amino

methane (Tris), imidazole, and kanamycin sulfate were from Solar

bio (China). E. coli strain BL21(DE3) pLysS and chloramphenicol 

were from Sangon Biotech (China). SDS-PAGE sample loading 

buffer was from Beyotime (China). Luria Broth (LB) and LB agar 

were from Hopebio (China). Maleimido-C3-NTA was from Dojindo 

Molecular Technologies (Japan). Creatinine, uric acid, urea, 

taurine, and 1-methylhistidine were from Macklin (China). Histi

dine, 3-methylhistidine, and hypoxanthine were obtained from 

Shanghai Bide Pharmatech Co. Ltd. (China).

Preparation of (N90C)1(M2)7
A hetero-octamer of MspA, which is referred to as (N90C)1(M2)7,26

consists of one monomer of N90C MspA-H6 and seven mono

mers of M2 MspA-D16H6. To prepare (N90C)1(M2)7, the genes 

coding for the N90C MspA-H6 mutant and the M2 MspA-D16H6 

mutant were custom-synthesized and co-introduced into a 

pETDuet-1 plasmid by GenScript (New Jersey, USA). The gene 

coding for the N90C MspA-H6 mutant includes a hexahistidine 

tag (H6) at its C-terminal to facilitate purification by nickel affinity 

chromatography. Similarly, the gene coding for the M2 MspA- 

D16H6 mutant contains a C-terminal hexahistidine tag (H6) and 

an additional 16 aspartate tag (D16) to enhance the discrimination 

between different hetero-octameric MspA assemblies during gel 

electrophoresis. The constructed plasmid was transformed into 

E. coli BL21(DE3) pLysS competent cells for protein expression. 

The expression products were purified by nickel affinity chroma

tography. The (N90C)1(M2)7 octamer was then purified from other 

octameric assemblies by gel electrophoresis performed with a 

10% SDS-PAGE gel. The gel band containing (N90C)1(M2)7 was 

excised, from which the (N90C)1(M2)7 protein was recovered. 

The collected protein was immediately used during single-chan

nel recording or stored at − 80◦C for long-term storage.

Preparation of M2 MspA

The M2 MspA is a homo-octameric MspA assembly. The gene 

coding for M2 MspA was custom-synthesized and inserted 

into a pET-30a(+) vector by GenScript. The plasmid DNA was ex

pressed in E. coli BL21(DE3) pLysS competent cells, and the 

expression product was purified by nickel affinity 

chromatography.

Preparation of MspA-PBA

To prepare MspA-90PBA, a single phenylboronic acid group 

was covalently attached to the sole cysteine residue in 

(N90C)1(M2)7 via Michael addition. Briefly, 5 μL (N90C)1(M2)7 

sample was mixed with 2.5 μL dimethyl sulfoxide (DMSO) solu

tion of 3-(maleimido) phenylboronic acid (500 mM). The mixture 

was then added to 43 μL buffer of 1.5 M KCl, 100 mM MOPS, pH 

7.0 and mixed thoroughly. The reaction was incubated at room 

temperature for 1 h. The resulting product, MspA-90PBA, was 

either immediately used during single-channel recording or 

stored at − 80◦C for long-term storage.

Preparation of MspA-NTA-Ni

Briefly, freshly prepared (N90C)1(M2)7, 20 mM maleimido-C3- 

NTA, and 100 mM nickel sulfate were mixed with a volume ratio 

of 1:8:1, thoroughly mixed, and incubated at 37 ◦C for 6 h. The 

resulting product, MspA-NTA-Ni, was either immediately used 

during single-channel recording or stored at − 80 ◦C for long- 

term storage.

Preparation of MspA-NTA-Cu

Briefly, freshly prepared (N90C)1(M2)7, 20 mM maleimido-C3- 

NTA, and 100 mM copper chloride were mixed with a volume ra

tio of 1:8:1, thoroughly mixed, and incubated at 37◦C for 6 h. The 

resulting product, MspA-NTA-Cu, was either immediately used 

during single-channel recording or stored at − 80 ◦C for long- 

term storage.

Urine collection and preservation

All urine samples were collected from healthy adult volunteers. 

Urine collection and all relevant studies carried out afterward 

were approved by the ethics committee of Nanjing University 

(OAP20240621001). Each measurement was conducted sepa

rately. Prior to each measurement, the volunteer underwent a 

12-h fast to avoid the influence of prior food intake. All collected 

urine samples were either measured directly or divided into ali

quots and stored at − 80◦C before future measurement.

Experiment 1: effect of chicken consumption on urine 

metabolites

(1) Baseline collection: the initial urine sample was collected 

immediately after 12-h fasting and prior to any food con

sumption.

(2) Food intake: the volunteer consumed 100 g of chicken.

(3) Post-consumption collections:

• Second sample: collected 0.5 h after consuming the 

chicken.

• Third sample: collected 1 h after chicken consumption.

(4) Sample handling: all urine samples were collected sepa

rately, stored in 50-mL centrifuge tubes, and stored at 

− 80◦C prior to measurement.

Experiment 2: effect of steamed bread consumption on urine 

metabolites

(1) Baseline collection: the initial urine sample was collected 

immediately after 12-h fasting and prior to any food con

sumption.
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(2) Food intake: the volunteer consumed 100 grams of 

steamed bread.

(3) Post-consumption collections:

• Second sample: collected 0.5 h after steamed bread 

consumption.

• Third sample: collected 1 h after steamed bread con

sumption.

(4) Sample handling: all urine samples were separately 

collected, stored in 50 mL centrifuge tubes, and stored 

at − 80◦C prior to the measurement.

Experiment 3: effect of exercise on urine metabolites

(1) Baseline collection: the initial urine sample was collected 

immediately after 12-h fasting and prior to exercise.

(2) Exercise session: the volunteer performed a 12-min run, 

covering a distance of 2000 m.

(3) Post-exercise collections:

• Second sample: collected 0.5 h after the exercise.

• Third sample: collected 2 h after the exercise.

(4) Sample handling: all urine samples were collected sepa

rately, stored in 50 mL centrifuge tubes, and stored at 

− 80◦C prior to the measurement.

Nanopore measurements

A nanopore measurement device comprises two 500 μL chambers 

separated by a 20-μm-thick Teflon film. The film contains an orifice 

measuring 100 μm in diameter. Prior to each measurement, the 

orifice was first treated with a solution of 0.5% (v/v) hexadecane 

in pentane. Then, both chambers were filled with 500 μL electrolyte 

buffer. A pair of Ag/AgCl electrodes, which were electrically con

nected to the patch-clamp amplifier, was inserted into both cham

bers in contact with the electrolyte buffer. By convention, the 

chamber that is electrically grounded is defined as the cis cham

ber, whereas its apposing chamber is defined as the trans cham

ber. To spontaneously form a lipid membrane, a drop of DPhPC 

(5 mg/mL in pentane) was added to each chamber. With a mem

brane successfully formed, nanopores were added to the cis 

chamber to trigger spontaneous pore insertion. Upon single nano

pore insertion, the cis chamber was exchanged with fresh buffer to 

prevent further pore insertions. If not otherwise stated, all analytes 

or urine samples were added to the cis chamber to initiate each 

measurement. Electrophysiology measurements were conducted 

with a continually applied voltage of +100 mV. To avoid interfer

ence from environmental noises, the measurement was recorded 

in a custom Faraday cage mounted on a floating optical table 

(Jiangxi Liansheng Technology). Except for the demonstration 

performed by the Orbitmini setup (Nanion, Germany), all single- 

channel recordings were performed with an Axopatch 200B 

patch-clamp amplifier paired with a Digidata 1550B digitizer. All 

single-channel recording results were sampled at a frequency of 

25 kHz and low-pass filtered with a corner frequency of 1 kHz.

Data analysis

All nanopore events were detected using the ‘‘single channel 

search’’ function of Clampfit 10.7 (Molecular Devices). To avoid 

interference of random noises, events with a dwell time < 3 ms 

were excluded from further analysis. Machine learning analysis 

was conducted by the ‘‘Classification Learner’’ toolbox in 

MATLAB R2023a (MathWorks). A dataset comprising 600 events 

per metabolite was collected and labeled for machine learning 

training. From each event, a total of five event features, including 

ΔI, SD, toff, skew, and kurt, were extracted using custom 

MATLAB code. Event features extracted from all events formed 

a feature matrix. The feature matrix was randomly divided into 

a training set (80%) and a testing set (20%) for model training 

and evaluation, respectively. The training set (80%) was used 

to train various classifiers available in the ‘‘Classification 

Learner’’ toolbox, including Ensemble, Decision Trees, Discrim

inant Analysis, Naive Bayes, SVM, KNN, and neural networks. 

The performance of each model was evaluated by the training 

accuracy generated by 10-fold cross-validation. The best per

forming model was selected for all future prediction tasks.

To remove outlier events, a One-Class SVM algorithm was 

used. Events that failed to match with any event types previously 

used for machine learning were considered outliers and were 

labeled as ‘‘Unknown (Un)’’ events. All remaining events were 

classified as inliers and are subjected to machine learning pre

diction by the previously selected optimum model (Figure S10).

Other data analyses, including scatterplot generation, fre

quency distribution histogram plotting, and curve fittings, were 

performed by Origin 2023b (OriginLab).

Quantification of identifiable metabolites in urine

The event frequency, which is correlated with the concentration 

of the analyte, is used for quantitative analysis in this study. 

Calibration curves for identifiable metabolites (creatinine, 

taurine, histidine, 1-methylhistidine, 3-methylhistidine, and hy

poxanthine) were generated by plotting event frequency against 

the corresponding analyte concentrations. A linear regression 

method was employed for curve fitting, and the correlation 

coefficient (R2) was calculated to evaluate the quality of fitting 

(Figure S14). During nanopore sensing of urine samples, all de

tected events were identified by machine learning algorithms. 

The frequency of events associated with identifiable metabolites 

was extracted for quantification. Based on the calibration 

curves, the concentrations of these metabolites in urine could 

be derived using the following equation:

Ci =
(δi − bi)

ai

:

i stands for the index of different metabolites. Ci represents the 

concentration of each metabolite in urine. δi is the event frequency 

of each metabolite in urine. bi and ai stand for the intercept and 

slope of each metabolite calibration curve, respectively.

To compensate for urine concentration variation, normaliza

tion based on the total concentration of identifiable metabolites 

was applied. Specifically, the total concentration of all identifi

able metabolites in a given urine sample was used as the denom

inator. The concentration of each individual metabolite was used 

as the numerator to calculate the proportion of that metabolite 

relative to the total metabolite concentration. This normalization 

process converts the absolute concentrations of metabolites 

into proportions, thereby compensating for variations in urine 
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concentration caused by factors such as hydration status or in

dividual differences.

RESOURCE AVAILABILITY

Lead contact

Further information should be directed to the lead contact, Shuo Huang (shuo. 

huang@nju.edu.cn).

Materials availability

This study did not generate new unique reagents. All regents used in the study 

were purchased from companies clearly described in the materials section.

Data and code availability

All data presented in this work can be requested from the corresponding 

author upon reasonable request. The custom machine learning code along 

with the training data, which is packed and referred to as ‘‘urine classifier,’’ 

is shared on figshare. Please follow the link https://figshare.com/articles/ 

dataset/Urine_Classifier/28112981?file=51425570 to download the item.
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