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ABSTRACT: Detection of toxic formaldehyde (HCHO) pollutant in aqueous solutions is of significant importance, because HCHO 

is widely found in aquatic food because of illicit addition or improper storage. Many small-molecule-based fluorescent probes, which 

relies on HCHO-specific formaldehyde-amine condensation or aza-Cope rearrangement reaction, have been developed in terms of 

facile operation and high selectivity. However, some primary challenging issues are the restricted sensitivity and long equilibrium 

response time caused by slow chemical reaction between these small-molecule-based sensors and low-concentration HCHO pollutant 

in testing samples. Herein, robust hydrophilic hydrazino-naphthalimide-functionalized chitosan (HN-Chitosan)-based polymeric 

probe is reported, which takes advantage of specific chemical reaction between HCHO and grafted hydrazino-naphthalimide groups 

to trigger “turn-on” fluorescence response. Superior to its small-molecule analogs, HN-Chitosan is based on random coil polymer 

chains of biopolymeric chitosan, which is thus capable of employing the cooperative binding effect of multiple hydrazino-naph-

thalimide recognition sites and adjacent hydroxyl groups to “enrich” low-concentration HCHO pollutant around the polymer chains 

via weak supramolecular interactions. Therefore, the HCHO-specific chemical reaction with grafted hydrazino-naphthalimide groups 

is significantly accelerated, resulting in the unprecedented ultrafast equilibrium fluorescence response (less than 1 min) and high 

sensitivity. Encouraged by its satisfying sensitivity, selectivity, fast response and wide linear detection range, we successfully expand 

its application to real-world food and water analysis. In view of the modular design principle of our polymeric probe, the proposed 

strategy could be generally applicable to construct powerful polymeric probes for ultrafast detection of other important pollutants.  

As a notorious Category A1 carcinogen, formaldehyde is 

widely found in aquatic food because of illicit addition or im-

proper storage. 1-3 Besides, it is also heavily consumed in chem-

ical industry, resulting in some serious environmental water 

pollution accidents. 2 Therefore, facile detection of formalde-

hyde is of significant interest in order to protect people far from 

formaldehyde-polluted food and water samples. Nowadays, 

great efforts have been devoted to the development of formal-

dehyde sensing methods, including electrochemical, optical and 

biological sensors.2,4 Among them, fluorescence-based ap-

proaches, having advantages in terms of facile operation and 

high sensitivity, are attracting increasing attention. Over the 

past decade, a large number of elegant formaldehyde-sensing 

fluorescent sensors have been reported, which take advantage 

of the specific formaldehyde-amine condensation5-19 or aza-

Cope rearrangement reaction20-26 to realize highly selective de-

tection. However, there still remains some difficult challenges. 

For example, most of these reported sensing materials are based 

on water-insoluble small molecules bearing hydrophobic con-

jugated organic fluorophores. Therefore, the sensing experi-

ments have to be conducted in the volatile and toxic organic 

solvent or mixed aqueous solutions, thus significantly restrict-

ing their practical applications. Another primary challenging is-

sue is the long equilibrium response time, which is believed to 

be caused by the relatively slow chemical reaction between the 

developed sensing molecules and low-concentration HCHO 

pollutant at ambient conditions. 

Polymeric probes are promising candidates to overcome the 

limitations of these conventional small molecule-based ones. 27-

33 Specially designed polymeric sensing materials are typically 

constructed by incorporating many functional binding sites in 

the side chains or on the backbones. Therefore, polymeric 

probes could take advantage of the cooperative effects of mul-

tiple recognition sites to bind the low-concentration analyte 

more efficiently, resulting in desirable signal amplification and 

fast fluorescence response.34-40 Additionally, it is also quite easy 

to incorporate hydrophobic sensing moieties into the water-sol-

uble functional polymers by simple post-modification or copol-

ymerization strategies, thus avoiding the use of toxic and vola-

tile organic solvent in detection experiments.34-35 However, alt-

hough numerous robust polymeric sensing materials have been 

successfully constructed for a large number of environmental or 

food pollutants,27, 41-42 little efforts have been done to develop 

water-soluble and fast-response polymeric probes for formalde-

hyde. 
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In this work, we presented a robust hydrophilic polymeric 

probe, the hydrazino-naphthalimide-functionalized chitosan 

(HN-Chitosan) polymer, which enables ultrafast, selective and 

sensitive detection of low-ppm-level HCHO pollutant in pure 

water solutions. The probe design depends on the specific 

chemical reaction between HCHO and hydrazino group to trig-

ger “turn-on” fluorescence response of naphthalimide fluoro-

phores (Figure 1).7 However, unlike previously reported small-

molecule-based analogs, which involve only HCHO-triggered 

chemical reaction at the molecular level, HN-Chitosan is based 

on hydrophilic random coil polymer chains of biopolymeric 

chitosan grafted with a large density of hydroxyl groups and 

hydrazino-naphthalimide recognition sites (Figure 1). There-

fore, our polymeric probe is capable of taking advantage of the 

cooperative effect of multiple recognition sites and adjacent hy-

droxyl groups to “enrich” low-concentration HCHO pollutant 

around the random coil polymer chains via weak supramolecu-

lar interactions, thus significantly accelerating the chemical re-

action between HCHO and hydrazino-naphthalimide groups. 

As a result, ultrafast fluorescence response (less than 1 min) and 

high sensitivity are obtained, which represent a notable advance 

in the field of HCHO detection because almost all the previ-

ously reported reaction-based probes suffer from long equilib-

rium response time (20~30 min). Moreover, HN-Chitosan is 

also characterized with wide linear detection range and pretty 

good photo-stability, which encouraged us to further expand its 

application into real-world food and water analysis. 

 

EXPERIMENTAL SECTION 

Chemicals and Reagents. 4-Bromo-1,8-naphthalic anhy-

dride (98%) was obtained from Energy Chemical Co. Chitosan 

(50-100 mpa.s, 0.5% Acetic acid at 20 oC) was purchased from 

Tokyo Chemical Industry Co., LTD. DMSO (99%), methanol 

(99.5%).  hydrazine hydrate (85%), ethanol (99.7%), N-acetyl-

glycine (98%), sodium pyruvate (99%), chloral (99.5%), acet-

aldehyde (40%), calcium chloride (96%) and sodium chloride 

(99.5%) were purchased from Shanghai Sinopharm Chemical 

Reagent Co. L-cysteine (99%), L-arginine (99%), N-acetyl-cys-

teine (99%), Magnesium sulfate (99.5%) and Ferric chloride 

hexahydrate (99%) were obtained from Sigma-Aldrich Com-

pany. 

Instruments and Measurements. 1H-NMR spectra were 

conducted using Bruker Advance AMX-400 Spectrometer in 

DCl, CF3COOD or DMSO-d6. ATR-FT-IR spectra were rec-

orded on Micro FT-IR (Cary 660+620). Fluorescence and UV-

Vis spectra were measured by Hitachi F-4600 Spectrofluorom-

eter (excitation at 440 nm for all fluorescence measure-ments) 

and PerkinElmer Lambda 950 UV−vis−NIR spectrometer in a 

10 mm path length cell, respectively. 

Synthesis of HN-Chitosan. NBr-Chitosan was first synthe-

sized according to the reported method.43 Briefly, under N2 pro-

tection, 3.6 g chitosan and 0.4 g 4-bromo-1,8-naphthalic anhy-

dride were added into a 250 mL round-bottom flask containing 

200 mL DMSO. After being stirred at 80 oC for 3 hours, the 

reaction mixture was filtered immediately and washed with hot 

DMSO to totally remove the unreacted 4-bromonaphthalic an-

hydride. After being subsequently washed by water and metha-

nol, NBr-Chitosan was obtained as a brown colored solid. 

To obtain HN-Chitosan, the freshly prepared NBr-Chitosan 

polymer (1.0 g) was mixed with 20 mL ethanol into a round-

bottom flask, 3. 8 mL hydrazine hydrate was then added to the 

mixture. After being stirred at 80 oC for 4 h, the mixture was 

cooled to room temperature and filtered to give a colored solid. 

HN-Chitosan was finally obtained after being washed with eth-

anol. Other HN-Chitosan samples with different hydrazino-

naphthalimide contents could be facilely prepared by varying 

the feed ratios. 

HCHO detection in real-world food and water samples. 

These food samples were bought from nearby supermarket. 

Figure 1. HCHO-sensing mechanism of the developed HN-Chitosan polymer probe. The probe design depends on the specific chem-
ical reaction between HCHO and hydrazino group to trigger “turn-on” fluorescence response of naphthalimide fluorophores. HN-
Chitosan is based on hydrophilic random coil polymer chains of biopolymeric chitosan grafted with a large density of hydroxyl groups 
and hydrazino-naphthalimide recognition sites. Therefore, it is capable of taking advantage of the cooperative effect of multiple recog-
nition sites and adjacent hydroxyl groups to “enrich” low-concentration HCHO pollutant around the random coil polymer chains via 
weak supramolecular interactions, resulting in ultrafast fluorescence response and high sensitivity. 
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Their extracted aqueous samples were prepared by soaking 2.0 

grams of chicken, 1.32 grams of salmon, and 1.68 grams of pork 

in deionized water containing 0.1 M hydrochloric acid, respec-

tively. Water samples (0.1 M hydrochloric acid) were prepared 

using tap water of Ningbo city, instead of deionized water. The 

concentrated solutions of HN-Chitosan-3 was prepared by dis-

solving 83 mg polymer in 250 mL deionized water containing 

0.1 M hydrochloric acid. In the measurement experiments, 1 

mL HN-Chitosan-3 solution was first mixed with 1 mL pristine 

extracted food or water samples at controlled conditions (25 
oC). Then the fluorescence intensities of the mixed solutions 

were measured. Experiments to measure the HCHO concentra-

tion in HCHO-polluted food and water samples were conducted 

using a similar method. 

 

RESULTS AND DISCUSSION 

Synthesis of the HN-Chitosan polymer and the model 

compound NAHN. As shown in Figure 2a, the hydrazino-

naphthalimide-functionalized chitosan (HN-Chitosan) polymer 

was synthesized by a two-step chemical reaction starting from 

the commercially available bio-based chitosan. Briefly, 4-

bromo-1,8-naphthalic anhydride is mixed with the chitosan sus-

pension in DMSO at elevated temperature to produce 4-bromo-

naphthalimide-functionalized chitosan, which then reacts with 

excess hydrazine hydrate in ethanol to give the targeted HN-

Chitosan polymer. On the basis of the possible modulation of 

the fluorescent features and formaldehyde-sensing ability via 

changes in the content of hydrazino-naphthalimide moieties, 

four HN-Chitosan samples were prepared by varying the feed 

ratio. Table S1 and Table S2 summarize the preparation for-

mula of these four polymer samples. All of these four HN-

Chitosan samples are colored solid and their color gradually 

darkens with an increase of the hydrazino-naphthalimide con-

tent (Figure 2b). HN-Chitosan-1~3 are readily soluble in hy-

drochloric acid solutions, while HN-Chitosan-4 bearing the 

highest naphthalimide content is only slightly soluble. We have 

tried to characterize the HN-Chitosan polymer by 1H NMR 

(Figure S1 and S2) and IR spectra (Figure S3). However, the 

signal peaks of naphthalimide moieties are not evident because 

of their quite low grafted density. Dialysis experiments were 

then conducted, in which these purified HN-Chitosan polymers 

are first dissolved in acid solutions and dialysed in dialysis bags 

with molecular weight cut-off of 3500 Da for several days. It is 

found that these polymer solutions still keeps highly colored, 

suggesting that naphthalimide fluorogens have been covalently 

grafted to chitosan polymer. Figure S4 depicts the normalized 

UV-Vis spec-tra of HN-Chitosan-1~3 polymers, in which a 

broad absorbance band ascribed to naphthalimide group was 

observed around 400 nm, indicating successful functionaliza-

tion of naphthalimide fluorogens to chitosan polymer.44 Ac-

cording to the UV-Vis absorbance using the reported method 

(Figure S5 and S6),45 the bromonaphthalimide content of BrN-

Chitosan-3 and the hydrazino-naphthalimide content of HN-

Chitosan-3 were calculated to be 1.76 wt% and 1.10 wt%, re-

spectively. Therefore, the grafting rate of the bromo groups by 

hydrazine groups in HN-Chitosan-3 is calculated to be 64.7%. 

As a model compound, N-allyl-4-hydrazino-naphthalimide 

(NAHN) was synthesized according to a similar two-step reac-

tion route (Figure 2c). Briefly, 4-bromo-1,8-naphthalic anhy- 

 

 

Figure 2. Synthetic procedures of the hydrazino-naphthalimide-functionalized chitosan (HN-Chitosan) polymers (a) and 
the small-molecule model compound NAHN (c) as well as their photos taken under room light (b). 

Page 3 of 9

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

dride is heated in ethanol solution of allyl amine to produce N-

allyl-4-bromo-naphthalimide, which is then treated with excess 

hydrazine hydrate to give the model compound NAHN. As a 

known compound, its chemical structure is characterized by 1H 

NMR spectrum (Figure S7), which exhibits typical signal 

peaks of naphthalimide (around 7~8 ppm) and allyl (4~6 ppm) 

groups. 

HCHO-Sensing Studies. To screen the polymer probe with 

satisfying sensing property, the fluorescence response of these 

HN-Chitosan polymers to HCHO was first studied. As shown 

in Figure S8, the aqueous solutions of HN-Chitosan-1~3 at the 

same concentration of naphthalimide moieties are nearly non-

fluorescent under a hand-held UV lamp at 365 nm. This is be-

cause there exists adjacent hydrazino groups to naphthalimide 

moieties, which can act as strong fluorescence quenchers to the 

naphthalimide fluorogens via a known PET (photoinduced elec-

tron transfer) process.7,32 However, upon addition of trace 

amount HCHO, “turn-on” fluorescence response is immedi-

ately observed for all samples (Figure S8), because the above-

mentioned PET process from hydrazine receptor to naph-

thalimide fluorophores will be significantly suppressed by the 

fast chemical reaction between HCHO and hydrazine groups. 

As summarized in Figure S8, HN-Chitosan-3 solution immedi-

ately exhibits intense emission enhancement and becomes 

highly yellow-light-emitting in the presence of 100 ppm 

HCHO, accompanying with noticeable UV-Vis absorbance and 

color change under room light (Figure 3a). Nevertheless, aque-

ous solutions of HN-Chitosan-1 and HN-Chitosan-2 only emit 

weak yellow light at given conditions. Therefore, the HN-

Chitosan-3  

 

probe with the most remarkable fluorescence response was se-

lected as the typical example and subjected to systematical stud-

ies in this work. 

     Since the HCHO detection of the polymeric probe is reac-

tion-based, it is necessary to study the kinetic profiles in the 

presence of HCHO. Therefore, the time-dependent fluorescence 

response of HN-Chitosan-3 to HCHO were investigated. Typi-

cally, the experiments were conducted in covered cuvettes at 

controlled conditions. Fluorescence spectra of the aqueous HN-

Chitosan-3 solutions were recorded at different time intervals 

after the addition of HCHO. As expected, a remarkable fluores-

cence intensity enhancement was immediately observed after 

the addition of ppm-level HCHO (Figure 3b). To our surprise, 

its signal response is proved to be very fast. As shown in Figure 

3c, the emission intensity of HN-Chitosan-3 probe quickly rises 

and nearly levels off within only 1 min for aqueous HCHO so-

lutions of various concentrations (from 2 ppm to 100 ppm). It 

should be noted that the developed HCHO-sensing HN-

Chitosan-3 polymer probe is of significant interest and repre-

sents a small but notable advance, because it usually takes about 

30 min for most of its small-molecule analogs (Figure 4) (such 

as the model compound NAHN and many other previously re-

ported probes2) to reach equilibrium fluorescence response. The 

underlying reason for this uniquely ultrafast spectroscopic re-

sponse is believed to lie in the special chemical structure of the 

HN-Chitosan-3 polymer probe, where a number of recognition 

sites (hydrazino groups) and adjacent hydroxyl groups are 

Figure 3. (a) UV-Vis and (b) fluorescence spectra of aqueous HN-Chitosan-3 solutions (0.166 mg/mL) in the absence and presence 
of 100 ppm HCHO. Inset images show their photos taken under room light and UV light at 365 nm, respectively. (c) Time-depend-
ent fluorescence intensity change of aqueous HN-Chitosan-3 solutions at 555 nm in the presence of HCHO ranging from 2~100 
ppm. 

Figure 4. (a) Illustration of the HCHO-sensing mechanism of the model compound NAHN. (b) Time-dependent fluorescence 
spectra of NAHN solutions in the presence of 20 ppm HCHO. (c) Time-dependent fluorescence intensity change of NAHN solu-
tions at 555 nm in the presence of 20 ppm HCHO.  
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grafted along the polymer chain. It is thus the cooperative effect 

of these grafted multiple recognition sites that results in signif-

icantly enhanced binding efficiency of the HN-Chitosan-3 pol-

ymer towards HCHO. As a consequence, equilibrium spectro-

scopic response time of our polymer probe is significantly 

shortened comparing with their small-molecule analogs. 

To further verify the HCHO-sensing mechanism of the de-

veloped polymeric probes, 1H-NMR titration experiments were 

conducted. Considering the low resolution of polymeric spec-

tra, the small-molecule-based NAHN probe was used as a 

model compound to record the 1H-NMR titration spectra. As 

can be seen in Figure 5, upon stepwise addition of HCHO, the 

-NH2 signal around 9.1 ppm gradually decreases and eventually 

disappears. Meanwhile, a new signal ascribed to the –N=CH2 

group appears and significantly increase. Further evidence 

comes from the 13C NMR measurement, which shows a typical 

signal peak of –N=CH2 around 163.1 ppm (Figure S9). These 

results, together with the above-mentioned fluorescence titra- 

 

 

tion experiments, clearly demonstrate that it is the chemical re-

action of HCHO and -NH2 group that cause the remarkable 

“turn-on” fluorescence response.  

Next, pH-dependent kinetic studies were conducted in order 

to screen the ideal conditions for HCHO detection. As summa-

rized in Figure 6, the study shows that the fluorescence re-

sponse of our polymeric probe is more favorable in acid condi-

tions to basic conditions. Remarkably, HN-Chitosan-3 is 

proved to exhibit remarkable HCHO-triggered fluorescence en-

hancement over a wide pH range (from pH=1 to pH=6.5, see 

Figure 3b and S10), suggesting the developed polymeric probe 

holds great potential to work well at various testing conditions. 

It should be noted that the HCHO-triggered fluorescence re-

sponse of HN-Chitosan-3 probe is more remarkable in acid con-

ditions than basic conditions. This is because that acid can 

serves as catalysts to significantly accelerate the chemical reac-

tion between the grafted hydrazino-naphthalimide groups and 

HCHO.7 Based on these results, HCHO-concentration-

dependent fluorescence spectral changes of the HN-Chitosan-3 

polymer probe were thus conducted at 0.1 M HCl (pH=1) solu-

tions, because 0.1 M HCl solutions are usually used to extract 

the HCHO pollutant from real-world food samples. Herein, the 

HCHO-concentration-dependent emission spectra of aqueous 

HN-Chitosan-3 solutions were then recorded 3 min after for-

maldehyde addition. As summarized in Figure 7, the emission 

intensities of aqueous HN-Chitosan-3 solution steadily increase 

with higher HCHO concentration. The fluorescence response is 

Figure 7. (a) HCHO-concentration-dependent fluorescence 
spectra of aqueous HN-Chitosan-3 solutions (0.166 mg/mL), 
which were recorded 3 minutes after HCHO addition. (b) Fluo-
rescence intensity ratio (I/I0) of aqueous HN-Chitosan-3 solu-
tions (0.166 mg/mL) at 555 nm versus the concentration of 
HCHO in the range from 1−100 ppm. I/I0 is defined as the ratio 
of the emission intensity of HN-Chitosan-3 solution in the pres-
ence of HCHO to that of its pristine solution. 

Figure 5. (a) 1H-NMR titration spectra of the model compound 
NAHN with increasing amount of HCHO; (b) the chemical re-
action between HCHO and the NAHN compound. 

Figure 6. Fluorescence intensity changes (at 555 nm) of the 
polymeric probe HN-Chitosan-3 (0.166 mg/mL) in aqueous 
solutions at different pH values in the absence (black dot) or 
presence (red dot) of 100 ppm HCHO for 3 min. 
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so remarkable that nearly 10-fold emission intensity enhance-

ment  is observed in the presence of only 100 ppm HCHO. The 

developed polymeric sensor is also proved to be very sensitive, 

as is evidenced by the fact that obvious emission intensity 

change could be clearly observed in the presence of only 1 ppm 

HCHO. Remarkably, its logarithmic linear detection range co-

vers nearly three orders of magnitude (ranging from 1~100 

ppm), thus holding great potential to quantify the formaldehyde 

concentration in various aqueous samples. The observed 

logarithmic response is primarily attributed to the specially 

designed chemical structure of the developed polymeric HN-

Chitosan-3 probe, where many sensing moieties (hydrazino 

groups) are located along the polymer chain. In the presence of 

low-concentration HCHO, the fast chemical reaction between 

HCHO and the grafted sensing moieties will lead to fast 

response enhancement. However, with the proceeding of the 

reaction, the grafted sensing moieties are gradually consumed 

and its concentration decreases accordingly. Therefore, the 

chemical reaction speed gradually decreases even if the HCHO 

concentration increases. As a result, the fluorescence intensity 

of HN-Chitosan-3 rises rapidly and gradually reaches a plateau 

with increasing HCHO concentration (Figure S11), thus 

leading to a logarithmic linear relationship between 

fluorescence intensity ratio of our probe and HCHO 

concentration. According to According to the widely-accepted 

method,46 the theoretical detection limit of our sensor was 

calculated to be about 0.05 ppm (1.66 uM) using the following 

equation, which can be comparable with many reported 

fluorescent probes (Table S3). 

Detection Limit=3σ/slope=3*0.07969/4.795=0.05 ppm (1.66 

uM); σ=0.07969                                                                      (1) 

Furthermore, the sensing selectivity and photo-stability of 

HN-Chitosan-3 polymer probe were studied. As summarized in 

Figure 8, the results suggest that no significant fluorescence en-

hancement was observed for tens of potentially coexisting in-

terfering compounds, including some common aldehyde com-

pounds and many other possibly coexisting chemical species in 

real-world food and water samples (e.g. Fe3+, Ca2+, NO3
－

, Mg2+, 

Cl
－

, L-cysteine, L-arginine, N-acetyl-cysteine, N-acetylgly-

cine, sodium pyruvate, chloral and acetaldehyde). These inves-

tigations clearly demonstrate the quite good selectivity of our 

polymer probe. Further studies show that the emission intensi-

ties of aqueous HN-Chitosan-3 solutions keep nearly constant 

under given measurement conditions (placed in air or after irra-

diation at 440 nm for 25 min), indicating the pretty good photo-

stability of the developed polymer probe in air or under irradia-

tion (Figure S12 and S13). More remarkably, it is found that 

the HCHO concentrations determined by HN-Chitosan-3 poly-

mer probe, despite being a bit higher (Figure S14), could still 

be comparable with those obtained by the well-known pararo-

saniline colorimetric method47 within experimental error, sug-

gesting great potential applications of our polymeric probes.  

Figure 9. (a) Fluorescence intensity ratio (I/I0) of HN-
Chitosan-3 solutions (0.166 mg/mL) at 555 nm for extracted 
aqueous solutions of three commercially available food sam-
ples (chicken, bream and pork purchased from the supermar-
ket nearby) and tap water of Ningbo city. The HCHO concen-
tration in all the extracted solutions of these complex samples 
is 100 ppm. (b) Photos of these real-world food and water sam-
ples. 

Figure 8. (a) Fluorescence spectra of aqueous HN-Chitosan-3 
solutions  (0.166 mg/mL) in the presence of HCHO or other 
possibly coexisting analytes as well as (b) their emission inten-

sities at 555 nm (1) blank; (2) FA; (3) Fe3＋; (4) Ca2＋; (5) NO3
－
; 

(6) Mg2＋; (7) Cl
－

; (8) L-cysteine; (9) L-arginine; (10) N-acetyl-
cysteine; (11) N-acetylglycine; (12) sodium pyruvate; (13) chlo-
ral; (14) acetaldehyde; (15) NaClO.  
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Detection of HCHO in real-world water and food samples. 

Encouraged by the satisfying HCHO-sensing sensitivity, selec-

tivity, wide linear detection range and photo-stability of the de-

veloped HN-Chitosan-3 polymer probe, we try to test its possi-

bility to measure the concentration of this pollutant in the com-

plex real-world water and food samples. Herein, we selected tap 

water of Ningbo city and extracted aqueous solutions of three 

commercially available food samples (chicken, bream and pork 

purchased from the supermarket nearby) as typical examples. 

As can be seen from Figure 9, quite good consistency was ob-

tained, demonstrating that the matrix effect of these water and 

food samples is negligible. These results are quite encouraging, 

suggesting the potentially wide and practical application of the 

developed polymeric sensor. 

 

CONCLUSIONS 

We have presented a hydrophilic hydrazino-naphthalimide-

functionalized chitosan polymer (HN-Chitosan) for HCHO de-

tection, which is based on the HCHO-induced specific chemical 

reaction to trigger “turn-on” fluorescence response of naph-

thalimide fluorophores. By taking advantage of the cooperative 

binding effect of the grated multiple recognition sites and adja-

cent hydroxyl groups, HN-Chitosan is proved to be highly sen-

sitive to ppm-level HCHO pollutant in aqueous solutions with 

ultrafast equilibrium response time (less than 1 min). This rep-

resents a notable advance in the field of HCHO detection be-

cause it usually takes 20~30 minutes for its small-molecule an-

alogs to reach emission equilibrium.  Moreover, HN-Chitosan 

is characterized with wide linear detection range (1~100 ppm) 

and pretty good photo-stability. Especially, it is capable of 

quantifying the HCHO concentration is many real-world food 

and water samples, suggesting its huge potential practical appli-

cation. Furthermore, in view of the modular design principle of 

HN-Chitosan, the proposed strategy could be generally applica-

ble to construct powerful polymeric chemosensors for ultrafast 

detection of other important pollutants in the future. 

ASSOCIATED CONTENT  

Supporting Information. 

The Supporting Information is available free of charge on the ACS 

Publications website at DOI: 

 

Synthetic formula, 1H NMR and absorption spectra of the poly-

meric probes and the model compound, as well as many selected 

spectra and data refered in the paper.  

 

This material is available free of charge via the Internet at 

http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

*(W. L.) E-mail: luwei@nimte.ac.cn. 

*(W. Q.W) E-mail: wangwenqin@nbu.edu.cn. 

*(T. C.) E-mail: tao.chen@nimte.ac.cn. 

Author Contributions 

P.L., W.L., W.Q.W. and T.C. conceived and designed the experi-

ments. P.L., D.Z. performed the experiments. Y.C.Z. contributed to 

materials. P.L., W.L., D.Z., Y.C.Z., W.Q.W. and T.C. co-wrote the 

paper. 

 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  

We thank National Natural Science Foundation of China 

(21504100, 21774138), K. C. Wong Magna Fund in Ningbo Uni-

versity, Key Research Program of Frontier Sciences, Chinese 

Academy of Sciences (QYZDB-SSW-SLH036), the Project of In-

ternational Cooperation Foundation of Ningbo (2017D10014). 

ABBREVIATIONS 

HN-Chitosan, hydrazino-naphthalimide-functionalized chitosan; 

NBr-Chitosan, 4-bromo-1,8-naphthalic anhydride-functionalized 

chitosan; NAHN, N-allyl-4-hydrazino-naphthalimide. 

REFERENCES 

(1) Tang, X.; Bai, Y.; Duong, A.; Smith, M. T.; Li, L.; Zhang, L., 

Formaldehyde in China: Production, Consumption, Exposure 

Levels, and Health Effects. Environ. Int. 2009, 35, 1210−1224. 

(2) Xu, Z.; Chen, J.; Hu, L.-L.; Tan, Y.; Liu, S.-H.; Yin, J., Recent 

Advances in Formaldehyde-Responsive Fluorescent Probes. 

Chinese Chem. Lett. 2017, 28, 1935−1942. 

(3) Hu, D.; Zhang, T.; Li, S.; Yu, T.; Zhang, X.; Hu, R.; Feng, J.; 

Wang, S.; Liang, T.; Chen, J.; Sobenina, L. N.; Trofimov, B. A.; 

Li, Y.; Ma, J.; Yang, G., Ultrasensitive Reversible Chromophore 

Reaction of BODIPY Functions as High Ratio Double Turn On 

Probe. Nat. Commun. 2018, 9, 362. (DOI: 10.1038/s41467-

017-02270-0) 

(4) Bruemmer, K. J.; Brewer, T. F.; Chang, C. J., Fluorescent 

Probes for Imaging Formaldehyde in Biological Systems. Curr. 

Opin. Chem. Biol. 2017, 39, 17−23. 

(5) Chang, X.; Wang, Z.; Qi, Y.; Kang, R.; Cui, X.; Shang, C.; Liu, 

K.; Fang, Y., Dynamic Chemistry-Based Sensing: A Molecular 

System for Detection of Saccharide, Formaldehyde, and the 

Silver Ion. Anal. Chem. 2017, 89, 9360−9367. 

(6) Feng, L.; Musto, C. J.; Suslick, K. S., A Simple and Highly 

Sensitive Colorimetric Detection Method for Gaseous Formal-

dehyde. J. Am. Chem. Soc. 2010, 132, 4046−4047. 

(7) Tang, Y.; Kong, X.; Xu, A.; Dong, B.; Lin, W., Development 

of a Two-Photon Fluorescent Probe for Imaging of Endogenous 

Formaldehyde in Living Tissues. Angew. Chem., Int. Ed. 2016, 

55, 3356−3359. 

(8) Song, H.; Rajendiran, S.; Kim, N.; Jeong, S. K.; Koo, E.; Park, 

G.; Thangadurai, T. D.; Yoon, S., A Tailor Designed Fluores-

cent ‘Turn-On’ Sensor of Formaldehyde Based on the BODIPY 

Motif. Tetrahedron Lett. 2012, 53, 4913−4916. 

(9) Denda, T.; Mizutani, R.; Iijima, M.; Nakahashi, H.; Yamamoto, 

H.; Kanekiyo, Y., Thin Films Exhibiting Multicolor Changes 

Induced by Formaldehyde-Responsive Release of Anionic 

Dyes. Talanta 2015, 144, 816−822. 

(10) Lin, Q.; Fan, Y.-Q.; Gong, G.-F.; Mao, P.-P.; Wang, J.; Guan, 

X.-W.; Liu, J.; Zhang, Y.-M.; Yao, H.; Wei, T.-B., Ultrasensi-

tive Detection of Formaldehyde in Gas and Solutions by a Cat-

alyst Preplaced Sensor Based on a Pillar[5]arene Derivative. 

ACS Sustain. Chem. Eng. 2018, 6, DOI: 

10.1021/acssuschemeng.8b01124.  

(11) Zhou, W.; Dong, H.; Yan, H.; Shi, C.; Yu, M.; Wei, L.; Li, Z., 

HCHO-Reactive Molecule with Dual-Emission-Enhancement 

Property for Quantitatively Detecting HCHO in Near 100% 

Water Solution. Sen. Actuators, B: Chem. 2015, 209, 664−669. 

(12) Liu, C.; Shi, C.; Li, H.; Du, W.; Li, Z.; Wei, L.; Yu, M., Na-

nomolar Fluorescent Quantitative Detection of Formaldehyde 

With A 8-Hydroxyquinoline Derivative in Aqueous Solution 

and Electrospun Nanofibers. Sen. Actuators, B: Chem. 2015, 

219, 185−191. 

(13) Tang, Y.; Kong, X.; Liu, Z. R.; Xu, A.; Lin, W., Lysosome-

Targeted Turn-On Fluorescent Probe for Endogenous Formal-

dehyde in Living Cells. Anal. Chem. 2016, 88, 9359−9363. 

Page 7 of 9

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org/


 

(14) Li, J.; Hou, C.; Huo, D.; Yang, M.; Fa, H.-b.; Yang, P., Devel-

opment of A Colorimetric Sensor Array for the Discrimination 

of Aldehydes. Sen. Actuators, B: Chem. 2014, 196, 10−17. 

(15) Dong, B.; Song, X.; Tang, Y.; Lin, W., A Rapid and Facile 

Fluorimetric Method for Detecting Formaldehyde. Sen. Actua-

tors, B: Chem.  2016, 222, 325−330. 

(16) Bi, A.; Gao, T.; Cao, X.; Dong, J.; Liu, M.; Ding, N.; Liao, W.; 

Zeng, W., A Novel Naphthalimide-Based Probe for Ultrafast, 

Highly Selective and Sensitive Detection of Formaldehyde. Sen. 

Actuators, B: Chem.  2018, 255, 3292−3297 

(17) Chang, X.; Fan, J.; Wang, M.; Wang, Z.; Peng, H.; He, G.; 

Fang, Y., Dynamic Covalent Chemistry-based Sensing: 

Pyrenyl Derivatives of Phenylboronic Acid for Saccharide and 

Formaldehyde. Sci. Rep. 2016, 6, 31187. 

(18)Lee, Y. H.; Tang, Y.; Verwilst, P.; Lin, W.; Kim, J. S., A 

Biotin-Guided Formaldehyde Sensor Selectively Detecting 

Endogenous Concentrations in Cancerous Cells and Tissues. 

Chem. Commun. 2016, 52, 11247−11250. 

(19) Xu, J.; Zhang, Y.; Zeng, L.; Liu, J.; Kinsella, J. M.; Sheng, R., 

A Simple Naphthalene-Based Fluorescent Probe for High Se-

lective Detection of Formaldehyde in Toffees and Hela Cells 

via Aza-Cope Reaction. Talanta 2016, 160, 645−652. 

(20) Zhou, Y.; Yan, J.; Zhang, N.; Li, D.; Xiao, S.; Zheng, K., A 

Ratiometric Fluorescent Probe for Formaldehyde in Aqueous 

Solution, Serum and Air Using Aza-Cope Reaction. Sen. Actu-

ators, B: Chem.  2018, 258, 156−162. 

(21) Brewer, T. F.; Chang, C. J., An Aza-Cope Reactivity-Based 

Fluorescent Probe for Imaging Formaldehyde in Living Cells. 

J. Am. Chem. Soc. 2015, 137, 10886−10889. 

(22) Bruemmer, K. J.; Walvoord, R. R.; Brewer, T. F.; Burgos-Bar-

ragan, G.; Wit, N.; Pontel, L. B.; Patel, K. J.; Chang, C. J., De-

velopment of a General Aza-Cope Reaction Trigger Applied to 

Fluorescence Imaging of Formaldehyde in Living Cells. J. Am. 

Chem. Soc. 2017, 139, 5338−5350. 

(23) Dou, K.; Chen, G.; Yu, F.; Liu, Y.; Chen, L.; Cao, Z.; Chen, 

T.; Li, Y.; You, J., Bright and Sensitive Ratiometric Fluorescent 

Probe Enabling Endogenous FA Imaging and Mechanistic Ex-

ploration of Indirect Oxidative Damage due to FA in Various 

Living Systems. Chem. Sci. 2017, 8, 7851−7861. 

(24) Brewer, T. F.; Burgos-Barragan, G.; Wit, N.; Patel, K. J.; 

Chang, C. J., A 2-Aza-Cope Reactivity-Based Platform for Ra-

tiometric Fluorescence Imaging of Formaldehyde in Living 

Cells. Chem. Sci. 2017, 8, 4073−4081. 

(25) Li, J. B.; Wang, Q. Q.; Yuan, L.; Wu, Y. X.; Hu, X. X.; Zhang, 

X. B.; Tan, W., A Two-Photon Fluorescent Probe for Bio-Im-

aging of Formaldehyde in Living Cells And Tissues. Analyst 

2016, 141, 3395−3402. 

(26) Li, Z.; Xu, Y.; Zhu, H.; Qian, Y., Imaging Of Formaldehyde 

in Plants with A Ratiometric Fluorescent Probe. Chem. Sci. 

2017, 8, 5616−5621. 

(27) Hu, J.; Liu, S., Engineering Responsive Polymer Building 

Blocks with Host-Guest Molecular Recognition for Functional 

Applications. Acc. Chem. Res. 2014, 47, 2084−2095. 

(28) Li, X.; Gao, Y.; Serpe, M. J., Responsive Polymer-Based As-

semblies for Sensing Applications. Macromol. Rapid Commun. 

2015, 36, 1382−1392. 

(29) Islam, M. R.; Lu, Z.; Li, X.; Sarker, A. K.; Hu, L.; Choi, P.; 

Li, X.; Hakobyan, N.; Serpe, M. J., Responsive Polymers for 

Analytical Applications: A Review. Anal. Chim. Acta. 2013, 

789, 17−32. 

(30) Lu, W.; Zhou, J. T.; Liu, K. Y.; Chen, D.; Jiang, L. M.; Shen, 

Z. Q., A Polymeric Film Probe with A Turn-On Fluorescence 

Response to Hydrogen Sulfate Ions in Aqueous Media. J. Ma-

ter. Chem. B 2013, 1, 5014−5020. 

(31) He, J.; Xiao, P.; Shi, J.; Liang, Y.; Lu, W.; Chen, Y.; Wang, 

W.; Théato, P.; Kuo, S.-W.; Chen, T., High Performance Hu-

midity Fluctuation Sensor for Wearable Devices via Bioin-

spired Atomic-precise Tunable Graphene-Polymer Heteroge-

neous Sensing Junction. Chem. Mater. 2018, 30, DOI: 

10.1021/acs.chemmater.8b01587.  

(32) Kim, H. N.; Guo, Z.; Zhu, W.; Yoon, J.; Tian, H., Recent Pro-

gress on Polymer-Based Fluorescent and Colorimetric 

Chemosensors. Chem. Soc. Rev. 2011, 40, 79−93. 

(33) Lu, W.; Zhang, J. W.; Huang, Y. J.; Theato, P.; Huang, Q.; 

Chen, T., Self-Diffusion Driven Ultrafast Detection of ppm-

Level Nitroaromatic Pollutants in Aqueous Media Using a Hy-

drophilic Fluorescent Paper Sensor. ACS Appl. Mater. Inter-

faces 2017, 9, 23884−23893. 

(34) Liu, H.; Lin, S.; Feng, Y.; Theato, P., CO2-Responsive poly-

mer materials. Polym. Chem. 2017, 8, 12-23. 

(35) Schattling, P.; Jochum, F. D.; Theato, P., Multi-Stimuli Re-

sponsive Polymers–The All-in-One Talents. Polym. Chem. 

2014, 5, 25−36. 

(36) Hu, J.; Liu, S., Responsive Polymers for Detection and Sens-

ing Applications: Current Status and Future Developments. 

Macromolecules 2010, 43, 8315−8330. 

(37) Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Muller, M.; Ober, 

C.; Stamm, M.; Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.; 

Urban, M.; Winnik, F.; Zauscher, S.; Luzinov, I.; Minko, S., 

Emerging Applications of Stimuli-Responsive Polymer Mate-

rials. Nat. Mater. 2010, 9, 101−113. 

(38) Chen, Y.; Shao, Y.; Fan, L. J., Fluorescent Color Tuning of 

Conjugated Polymer Materials: Mechanisms and Methods. 

Prog. Chem. 2014, 26, 1801−1810. 

(39) Zhu, C. L.; Yang, Q.; Liu, L. B.; Wang, S., Conjugated Poly-

mers for Sensitive Chemical Sensors. Prog. Chem. 2011, 23, 

1993−2002.  

(40) Qi, Y.; Xu, W.; Kang, R.; Ding, N.; Wang, Y.; He, G.; Fang, 

Y., Discrimination of Saturated Alkanes and Relevant Volatile 

Compounds via The Utilization of A Conceptual Fluorescent 

Sensor Array Based on Organoboron-Containing Polymers. 

Chem. Sci. 2018, 9, 1892−1901. 

(41) Mei, J.; Leung, N. L.; Kwok, R. T.; Lam, J. W.; Tang, B. Z., 

Aggregation-Induced Emission: Together We Shine, United 

We Soar! Chem. Rev. 2015, 115, 11718−11940. 

(42) Qin, A.; Lam, J. W. Y.; Tang, B. Z., Luminogenic Polymers 

with Aggregation-Induced Emission Characteristics. Prog. 

Polym. Sci. 2012, 37, 182−209. 

 (43)Sarkar, K.; Debnath, M.; Kundu, P. P., Preparation of Low 

Toxic Fluorescent Chitosan-Graft-Polyethyleneimine Copoly-

mer for Gene Carrier. Carbohydr. Polym. 2013, 92, 2048−2057. 

(44)Wang, L.; Wang, G.; Shang, C.; Kang, R.; Fang, Y., Naph-

thalimide-Based Fluorophore for Soft Anionic Interface Moni-

toring. ACS Appl. Mater. Interfaces 2017, 9, 35419−35426. 

(45)Lu, W.; Xiao, P.; Liu, Z.; Gu, J.; Zhang, J.; Huang, Y.; Huang, 

Q.; Chen, T., Reaction-Driven Self-Assembled Micellar 

Nanoprobes for Ratiometric Fluorescence Detection of CS2 

with High Selectivity and Sensitivity. ACS Appl Mater 

Interfaces 2016, 8, 20100-20109. 

(46)Zhu, B.; Gao, C.; Zhao, Y.; Liu, C.; Li, Y.; Wei, Q.; Ma, Z.; 

Du, B.; Zhang, X., A 4-Hydroxynaphthalimide-Derived 

Ratiometric Fluorescent Chemodosimeter for Imaging 

Palladium in Living Cells. Chem. Commun. 2011, 47, 8656-

8658. 

(47)Wang, X.; Li, Y.; Li, X.; Yu, J.; Al-Deyab, S. S.; Ding, B., 

Equipment-Free Chromatic Determination of Formaldehyde by 

Utilizing Pararosaniline-Functionalized Cellulose Nanofibrous 

Membranes. Sen. Actuators, B: Chem. 2014, 203, 333-339. 

 
 

Page 8 of 9

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

9 

 

TOC Figure (For ToC only) 

 

 

Page 9 of 9

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


