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Simultaneous determination of indoor ammonia pollutionand its 

biological metabolite in human body by use of a recyclable 

nanocrystalline lanthanide functionalized MOF 

Ji-Na Hao and Bing Yan* 

A Eu3+ post-functionalized metal-organic framework of Ga(OH)bpydc(Eu3+@Ga(OH)bpydc, 1a)with nano-size 

and intense luminescence is successfully synthesized and characterized. Luminescence explorations 

revealthat 1a can selectively and sensitively detect ammonia gas among various indoor air pollutants. More 

importantly, 1a can simultaneously realize the determination of the biological metabolite of ammonia in 

human body (urinary urea), which represents a rare example in reported luminescent senor that can realize 

pollutants’ both environmental monitoring and biological indicators’ detection. What’ more, as a sensor for 

both, 1a also exhibits several appealing features including high selectivity and sensitivity, fast response, 

simple and quick regeneration, and excellent recyclability. 

Introduction  

It was reported that for a person about 70 % − 90 % of the 

time was spent in indoors environment,1 therefore, the indoor air 

quality has great effect on people’s health. The World Health 

Organization estimates that nearly two million people die 

prematurely each year from indoor air pollution (IAP).2Recently,IAP 

is gaining more and more attention with the improvement of living 

standard and indoor decoration gradually becoming popular. 

Among the numerous indoor air pollutants, formaldehyde, 

ammonia, and benzene are the most representatives, which come 

from the furnishings and decorating materials.3 Of the three gases, 

ammonia (NH3) has higher over-standard rate and ranks highest in 

the indoor air pollution.4 Such a colorless, volatile and corrosive gas 

with a pungent odor is toxic and harmful to humans’ health. It 

irritates eyes, noses, throats, respiratory tracts as well as skins of 

humans, which can lead to vomiting, headaches, pneumonedema, 

respiratory disease, permanent blindness and even death.5 In order 

to protect people from excessive ammonia exposure, the American 

National Institute for Occupational Safety and Health (NIOSH) has 

stipulated the immediately dangerous to life or health 

concentration (IDLH) of ammonia to be 300 ppm, and the 

Occupational safety and Health Administration (OSHA) has 

regulated the threshold limit value of ammonia in the work place as 

50 ppm.6 Therefore, for the health and safety of human, it became 

highly necessary to design and fabricate a long-term reliable, highly 

sensitive, miniaturized, room-temperature efficient, and no-

humidity impact ammonia gas sensor, which can detect and 

monitor indoor NH3 concentration in real time. However, because 

of the heterogeneous factors of individuals, only monitoring the 

environmental ammonia level does not pretty accurately estimate 

people’s real intoxication level. As we all know, the main outlet of 

inhaled ammonia in human body is synthesis of urea in liver and 

excreted in the urine. What’s more, researches have shown that 

exposure to 13 mg/m3 ammonia for 8 h will lead to the increase of 

urea content in human urine. Therefore, besides monitoring indoor 

ammonia, it is also necessary to determine the concentration of 

ammonia’s metabolite (urinary urea) in human body by the probe 

to comprehensively reflect the real ammonia exposure and 

intoxication of human beings.  

Various types of analytical methods have been exploited 

for the detection of ammonia,7 in which the fluorescent 

chemosensor is an expedient detection device because it has 

many advantages over other methods such as a high signal 

output, simple detection, low cost, and reliability. Among 

various fluorescent materials, Lanthanide functionalized metal-

organic frameworks (Ln-MOFs) have been widely used as 

sensing materials due to the excellent luminescence and 

accessible porosity within such materials. To date, many 

fluorescent probes based on Ln-MOFs have been successfully 

developed, and these probes were mainly investigated for the 

detection of cations,8 anions,9 small molecules,10 and 

nitroaromatic explosives.11 Nevertheless, to our best 

knowledge, Ln-MOFs as luminescent sensors for both 

ammonia and its metabolite (urinary urea) have never been 

reported. What’s more, considering the efficiency of a sensor 

in practical applications, the sensor also needs to meet the 

following requirements: high selectivity and sensitivity, fast 
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response, good reversibility or regenerability, and facile 

nanocrystallization of MOFs materials in order to easily 

fabricate devices with luminescent sensing functions. In 

particular, the latter two requirements are still challenging for 

the florescent probes, and few examples have been reported. 

However, in this work, the developed luminescent sensor for 

both ammonia and urea based on a lanthanide-functionalized 

MOF could completely fulfil the above-mentioned factors. The 

fluorescent sensor wasfabricated by simply immobilization of 

europium salts on the framework of Ga(OH)(bpydc) via 

coordination to the accessible 2,2’-bipyridine sites on the 

linker molecule. 

 
Scheme 1 Schematic representation of synthesis route 

ofnanocrystal1a as a fluorescent sensor for indoor ammonia 

and its biological metabolite (urinary urea) in human body. 

 

Results and discussion 
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Figure 1 PXRD patterns of simulated 1, as-synthesized1, and 1a; and 

TEM images of 1 and 1a. 

Reactions of H2bpydc with Ga(NO3)·xH2O in DMF at 150 °C for 48 h 

afforded Ga(OH)(bpydc) (1) as an orange nano-crystalline solid 

(Scheme 1).12 Good agreement between the simulated and 

experimental PXRD patterns verifies the formation of the pure 

phase of 1 (Figure 1). TEM studies (Figure 1) have demonstrated 

that the obtained product is in the nanoscale range consisting of 

irregularly shaped, crystalline nanoplates with fairly uniform sizes of 

approximately 30−50 nm. The structure of 1 is built of infinite, one-

dimensional chains of octahedral GaO4(OH)2 units that connects via 

bpydc linkers to give a 3D open framework with rhombic-shaped 

pores (22×17Å, Scheme 1). Importantly, 1 has accessible 2,2’-

bipyridine units in its framework which allows for its coordination 

to Ln3+ cations to develop fluorescent materials. The as-

synthesized1 was activated and then soaked in an ethanol solution 

of EuCl3·6H2O to afford Eu3+@1 (1a). The coordination of Eu3+ to the 

free N,N-chelating sites in 1 wasconfirmed by the N 1s spectra 

shown in Figure S1, which indicated a higher binding energy for the 

N1S peak of 1a (398 eV) compared to the pristine 1 (397 

eV).9e,13Themolar ratio of Eu/Ga in 1awas measured to be 0.08 by 

ICP-MS analysis (Table S1). The successful Eu3+ loading does not 

influence the crystalline integrity and morphology of 1, as 

demonstrated by PXRD and TEMin Figure 1. The permanent 

porosity of the de-solvated 1 and 1a was analyzed by N2 adsorption-

desorption experiments at 77 K (Figure S2). The BET surface areas 

of 1 and 1a were calculated to be 541 and 393 m2·g-1, respectively. 

The reduced surface area of 1a is attributed to partial blocking of 

the open pores in 1 by Eu3+ cations.14 

Solid-state luminescent properties of 1 and 1awere 

investigated at room temperature. As shown in Figure S3a, a strong 

emission band at 537 nm emerges in 1 when excited at 400 nm. 

After incorporating Eu3+ cations, the emission band of the 

framework is significantly suppressed (Figure S3b),instead, the 

typical narrow-band emissions of Eu3+ cations appear at 579, 592, 

614, 649, and 695 nm, corresponding to the 5D0→
7FJ (J=0-4) 

transitions, respectively. This indicates that the Eu3+ cations not 

only be successfully encapsulated inside the channels of 1 but also 

be effectively sensitized by 1. Under an irradiation of a UV lamp, the 

1a samples emitted bright red color (inset of Figure S3b), which can 

be readily observed by naked eyes as a qualitative indication of Eu 

sensitization by 1. These results indicate that compound 1 can serve 

as both a host and an antenna for protecting and sensitizing extra-

framework Eu3+ emitting that are encapsulated within the MOF 

pores.  
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Figure 2(a) PL spectra of 1a film after exposing to various indoor gas 

pollutants for 1h; (b) the relative emission intensities at 614 nm. (λex 

= 338 nm), the inset shows the corresponding photographs under 

365 nmUV-light irradiation. 
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The permanent porosity and efficient solid-state emission of 

1a encouraged us to examine its ability to sense indoor air 

pollutants, mainly including formaldehyde (HCHO),benzene(Ben), 

ammonia (NH3), and TVOC (benzene, toluene (Tol), o-Xylene (OX), 

ethylbenzene (EB), styrene (Sty), butyl acetate (BA), n-undecane 

(Und)). A nanoscale 1a film fabricated by spin-coating which is 

smooth and continuous (SEM image inFigure S4a) was used to 

evaluate the sensing performance. The 1a film device was exposed 

tovarious vapors of the aforementioned indoor air pollutantsfor 1h, 

and it maintains a stable framework after adsorbing various gas,as 

revealed by the almost same PXRD patternsshown in Figure S4b. 

The solid-state luminescent measurements were recorded 

andcompared in Figure 2. Interestingly, most organic vapors have a 

negligible effect on the luminescence of1a film, except in the case 

of NH3, which induce a remarkable reduction (76 %) of 

luminescence intensity of Eu3+ at 614 nm. In accordance with the 

change in fluorescence spectra, under the irradiation of a UV lamp, 

only the 1a film absorbed NH3 shows a significantly darker 

luminescence than that from the original one(inset of Figure 2b), 

which could be distinguished easily by naked eyes. The different 

effects on the emission between NH3 and other vapors are clearly 

observed, indicative of the fact that Eu3+@1 film can be considered 

as a promising luminescent probe for NH3.  

Achieving high selectivity toward NH3 over the other 

competitive species coexisting is a very important feature to 

evaluate the performance of the sensor. Therefore, the competition 

experiments were also conducted. The sensing film was exposed to 

the mixture of NH3·H2O and the other vapors for 1 h, respectively, 

and then the emission spectra were measured. As shown in Figure 

S5a, the emission spectra displayed a similar pattern at 614 nm to 

that with NH3 only. This indicates that the quenching effect of NH3 

on the emission of 1a film is not influenced by the coexisting gas 

pollutants, further validating the excellent selectivity of the sensor 

towards NH3.   

Sensitivity is another key factor in evaluating a probe. To 

investigate the detection limit of the sensor for NH3, 1afilm was 

exposed to various concentrations of ammonia gasesat room 

temperature and then the changes in the luminescence intensity at 

614 nm was recorded in Figure 3a. It is observed that the quenching 

efficiency (QE = (1 −I/I0) ×100 %) graduallyincreased with rising 

NH3gas concentration,and a good linear relationship (R2 = 0.991) 

between QE and the concentration of ammonia is detected over the 

range from 10 to 500 ppm.According to the 3σ IUPAC criteria15 and 

the fitted plot (1 − I/I0= 0.1544 + 1.52×10-3C),the detection limit of 

the sensor was extrapolated to be 2.4 ppm, which is much lower 

than the threshold limit value of 50 ppm in the workplace and the 

IDLH concentration of 300 ppm. 

 In order to test the response rate of 1a film as gas sensor, the real-

time sensing of NH3vapors was implemented by using the film 

device placed in a home-made setup (see experimental section), 

and the time-dependent fluorescence quenching profile were 

obtained in Figure3b. The results show that the luminescence 

intensity of the film is significantly reduced, even if it is exposed to 

NH3 vapors for 30 s. Within 240 s, the luminescence quenching 

reaches a maximum with a quenching percentage of more than 70 

%. This demonstrates a very fast luminescence response of the 

sensor to NH3. Repeatability for a sensory material is a very 

important parameter to assess the sensor’s practicability. After 

detection of NH3, the luminescence intensity of the film gradually 

returned to its initial value after exposure to ambient air for 10 min 

(Figure 3c), due to the volatilization of NH3. And the regeneration 

time of 1a/NH3 can be further shortened by heating treatment. 

Only 5 min and 3 min were required for 1a/NH3 to recover their 

fluorescence intensity to that of the naked 1a when they were 

treated at 40 oC and 80 oC, respectively (Figure S5c,d). This is 

because heating can accelerate the volatilization of NH3. The 

recovered film was reused in the next cycle and showed analogous 

changes. The results are presented in Figure 3d and S5b. It is 

observed that the luminescent intensity and PXRD of the film after 

three recycles are well consistent with that of the original one, 

implying that the film can recover well and can repeatedly detect 

NH3. Importantly, the regeneration of NH3 probe is completed in air 

and at room temperature, without needing heating or vacuum 

methods, which can save energy and costs. 
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Figure 3 a)Comparison of the luminescence intensity of1afilm at 

614 nm exposed to various ammonia concentrations and the plot of 

1-I/I0 versus NH3 concentration in the inset; b) Emission spectra of 

1a film upon exposed to NH3 vapors at various time intervals (λex = 

338 nm) and the emission intensity at 614 nm as a function of 

exposure time in the inset; c) the luminescence response of 1a film 

sensor absorbed ammonia after exposing to ambient air for 

different time (inset is the amplifying image); d) three consecutive 

quenching and regenerating cycles.  

 

From the foregoing discussion, we can conclude that 1a film 

could act as a highly selective and sensitive probe for ammonia. 

More importantly, 1a also realized the determination of the 

biological metabolite (urinary urea) of inhaled ammonia gas in 

human body. The joint determination of indoor environmental 

ammonia and urinary urea in human body could comprehensively 

reflect the real ammonia exposure and intoxication of human 

beings.  

In chemistry, urine could be defined as water solutions 

containing various chemicals, mainly including creatinine (Cre), 

Page 3 of 6 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

creatine, urea, uric acid (UA), hippuric acid (HA), SO4
2-, Na+, K+, 

NH4
+,Cl- or glucose (Glu). To be a qualified sensor for urine 

ingredients, water toleration is essential to the sensor. Therefore, 

its stability in water was primarily investigated. As shown by the 

PXRD in Figure 6A, after immersing in water for 16 h, 1amaintains 

its framework well. Besides, 1a also exhibits good photostability in 

aqueous solutions. As evidenced by Figure 6B, the luminescence 

intensity of 1a shows little reduction after several days’ storage in 

water. These results demonstrate that 1a is competent for a 

fluorescence sensorof urine components. Urinalysis, essentially, is 

the detection of the above-mentioned chemicals. Therefore, 1a 

powders were dispersed in the aqueous solutions of these various 

chemicals, respectively, and PXRD patterns (Figure S7) confirm it is 

insoluble and stable in these solutions. The suspension-state 

fluorescent measurements were depicted in Figure 4a. Notably, 

only urea induced a2-fold enhancement in the emission intensity of 

1a at 614 nm, while nearly no fluorescence intensity changes were 

observed in the presence of others. This indicates 1acould 

selectively recognize urea in aqueous solutions. 
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Figure 4(a) Suspension-state PL spectra and the relative intensities 

of 5D0→7F2 at 614 nm (inset of a) for 1a dispersed in various urine 

chemicals(10-2 M, λex = 338 nm);(b) Luminescence responses of 1a 

(1 mg/mL) upon the addition of urea (0.01 M) in the presence of 

background of various urine chemicals (0.02 M) in aqueous solution 

(λex = 338 nm). 

 

The interferential experiments were also conducted for 1a 

sensor, since these various chemicals are coexisting in urine. Figure 

4b shows the fluorescence response of 1a to urea in the presence 

of other urine chemicals. The emission intensity enhancement 

induced by urea was not affected by the coexisting components, 

further confirming that 1a is a highly selective probe for urea. 

In order to quantitatively describe the relationship between 

the enhancing efficiency and the concentration, the responses of 

the sensor to increasing urea concentration were investigated, as 

illustrated in Figure 5a and 5b. It is observed that the fluorescence 

intensity 1a at 614 nm increased linearly with the concentration of 

urea in the range of 0.6 −50 mg/mL (I/I0= 3.355 + 1.019 lg[Urea], 

R2=0.989). Urea can be directly detected at concentrations as low as 

0.6 mg/mL, which is sufficient for detection of millimolar 

concentrations of urea in urine.  

Fast response and simple recovery are important parameter 

for a desired sensor. We therefore tested the response rate and 

regenerated ability of 1a sensor for urea. Figure 5c demonstrates 

that 1a shows a very rapid and evident response to urea in aqueous 

solutions. Within 5 min, the luminescence increase was 

almostmaximum. The 1asensor for urea could also be regenerated 

and reused by centrifuging the dispersed powder in urea aqueous 

solutions and washing with water for several times. As 

demonstrated by Figure S8a, after the fluorescence enhancement 

induced by urea, the following water washing for three times could 

make the emission intensity almost recovers to the level before 

urea addition.  Moreover, after five consecutive cycles of enhancing 

and recovery, the luminescent intensity of 1a in water is 

comparable to the initial state (Figure 5d). The unchanged PXRD of 

1a after five runs of recycling (Figure S8b) suggests its framework 

still remains intact. These confirm the good reusability of the sensor 

for urea. 
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Figure 5(a) Luminescence spectra of 1a under different 

concentrations of urea aqueous solution (λex = 338 nm), and b) the 

luminescence intensity ratio I/I0vs.the logarithm of the urea 

concentration plot; c) variation of fluorescence intensity of 1a at 

614 nm with immersion time in aqueous solution of urea (10-2M);d) 

the regeneration cycles of 1a sensor used in detecting urea. 

 

The excellent performances of the sensor for urea in aqueous 

solutions encourage us to further evaluate its analytical efficiency in 

practical applications. Here, a series of human urine specimens, 

spiked with different concentrations of urea were regularly 

analyzed. As summarized in Table S2, all the obtained recoveriesare 

more than93 %, suggesting that this method was practicable for the 

detection of urea in human urine. By six repeated determination of 

urea in urine specimens utilizing this sensor, the resulting relative 

standard deviation (RSD) was found to be less than 4 %, further 

validating the reliability and accuracy of the proposed method.   

We tentatively explored the mechanism of the luminescence 

response to ammonia and urea. The discussions were given as 

follows: (1) The identical PXRDof NH3-1a or urea-1a with 1a proves 

that the framework of 1aremained intact and the luminescence 

quenching or enhancing was not caused by the transformation of 

crystallization structure; (2) The emission lifetimes of 1a in the 

absence and presence of ammonia or urea were measured and 

remained almost unchanged (Figure S9), suggesting that there are 

no interactions between ammonia or urea and the Eu3+ ions,16 and 

changes in the emission intensity are related to the interactions 
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between ammonia or urea and the ligands bpydc; (3) As a sensor 

for both ammonia and urea, 1a can be simply and quickly 

regenerated, indicating that the interactions between ammonia or 

urea and the ligands are weak forces such as hydrogen bonds.As 

proved by Figure S10a, after exposure to NH3, the IR absorption 

peaks belonging to the skeleton vibration of 2’2-bipyridine rings 

shifted from 1410 cm-1 and 859 cm-1 to 1400 cm-1 and 845 cm-1, 

respectively, and the absorption intensity at 1400 cm-1 had an 

obvious enhancement.This evidences the existence of the hydrogen 

bonds between 1a and ammonia.17The UV-Vis absorption peak of 

1ain Figure S10balso shows a blueshift (~14 nm) with the presence 

of NH3, further demonstrating the formation of the hydrogen bonds 

between the 1a and NH3.Urea also induces the similar changes of IR 

and UV-Vis absorption(Figure S11), indicating the hydrogen-bonding 

interactions between urea and ligands.Therefore, we speculate that 

the hydrogen bonds between ammonia or urea and ligands affect 

the energy transfer efficiency from ligand to Eu3+ ions since the 

luminescence intensity of Ln3+ crucially depends on the efficiency of 

ligand to Ln energy transfer (Scheme S1a).18As shown in Figure S12a, 

with the presence of ammonia, the ligands’ emission has a 

bathochromic shift of 24 nm, indicating a decrease of the π* energy 

level of the ligands by the hydrogen bonds. This decrease of the 

ligands’ π* energy level block the pathway of energy transfer from 

π*to Ln states, localizing the emission on the ligand (Scheme S1b).19 

As a result, the LC-emission in 1a after exposure to ammonia 

increased and the Eu-luminescence significantly decreased (Figure 

S13a).On the contrary, urea induces a hypochromatic shift (27 nm) 

in the emission of the ligands (Figure S12b), demonstrating an 

increase energy level of the π* orbits of the ligands by the hydrogen 

bonds. This make the energy gap between the ligands’ π* and Ln’s 

emitting state matching more appropriate and facilitate energy 

transfer process of ligand-to-Ln (Scheme S1c). Therefore, with the 

presence of urea, 1a only show an enhanced luminescence of the 

Ln without any that of the 1a’s ligands (Figure S13b).In conclusion, 

the sensing mechanism of 1a for ammonia or urea is based on their 

hydrogen bonds interaction with 1a’s ligands, which changes the 

excited stated energy level of ligands, thus affects the ligand-to-Ln 

energy transfer efficiency, and consequently leads to different 

luminescent emission. 

Conclusions 

A europium-functionalized MOF with nano-size and excellent 

luminescence has been successfully synthesized and characterized. 

This luminescent Ln-MOF material not only shows significant 

selective quenching response for ammonia among various indoor 

air pollutants, but also exhibits high selectivity for urea in human 

urine which is the main biological metabolite of ammonia inhaled 

by the body. For the determination of ammonia which is an 

important indoor air pollutant, a film device close to those used in 

practical applications based on the nano-sized1a was easily 

fabricated, and the luminescent film sensor shows several 

appealing features including high selectivity (76 % reduction), 

excellent sensitivity (detection limit, 2.4 ppm), very fast response (~ 

30 s), quick regeneration with zero cost, and nanocrystallization. 

Such goodperformances of the sensing film devices pave an avenue 

toward low-cost, fast, and potable noses for environmental 

monitoring of ammonia. As a fluorescent sensor for urea, 1a also 

exhibits high selectivity and sensitivity for urea in aqueous solution, 

short response time (< 5 min) and excellent recyclability, which 

makes it successfully apply to determination of urea in human urine 

with recoveries in the range of 93 –104 %. This indicates its 

promising potential for point-of-care (POC) diagnosis of urinary 

urea in people exposed to ammonia. This work represents the first 

example of MOF-based luminescent probes forsimultaneous 

detection of ammonia gas and its biological metabolite in human 

body, which realizes the pollutant’s both environmental exposure 

monitoring and biological indicators’ detection to accurately 

estimate the exposed individuals’ intoxication. This is significant for 

air quality control and humanbody health. 
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