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The fluorescent dye 8-hydroxypyrene-1,3,6-trisulfonate (pyranine) combines high 

photostability with ratiometric pH detection in the physiological range, making it a prime 

candidate for optical sensors in biomedical applications, such as pH-based chronic wound 

monitoring. However, pyranine’s high water solubility and the difficulty of covalent 

attachment pose severe limitations in terms of leaching from sensor matrices. Herein, 

pyranine-modified nanophase-separated amphiphilic polymer conetworks (APCNs) are 

reported as fluorescent ratiometric pH sensors. The thin, free-standing APCN membranes 

composed of one hydrophilic and one hydrophobic polymer provide an optically transparent, 

flexible and stable ideal matrix that enables contact between dye and aqueous environment. 

An active ester-based conjugation approach results in a highly homogeneous and stable 

pyranine modification of the APCN’s hydrophilic phase. This concept effectively solves the 

leaching challenge for pyranine without compromising its functionality, which is 

demonstrated by ratiometric pH detection in the range of pH 5 to 9. 
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A large number of different fluorescent dyes are employed for sensor applications in the life 

sciences.[1-3] Yet few of them display a set of properties as favorable as that of 8-

hydroxypyrene-1,3,6-trisulfonate (pyranine or HPTS), a water-soluble, highly photostable and 

non-toxic bright yellow dye with an intense, vibrant fluorescence.[4-5] Another outstanding 

feature of pyranine is its capability of fluorescence-based ratiometric pH detection. Typically, 

ratiometric pH detection requires the combination of one pH-sensitive and one pH-insensitive 

fluorescent dye.[3] Pyranine, in contrast, allows ratiometric detection of pH from the 

comparison of one emission intensity at two different excitation wavelengths (406/460 nm).[6] 

This dual excitation-single emission property minimizes the impact of variations in 

fluorophore concentration, photobleaching and instrumentation. The pH sensitivity of 

pyranine arises from its phenol group with a pKa of 7.3 that allows the determination of pH 

values ranging from ~5 to ~9, adequate for biologically or biomedically-oriented 

applications.[7-8] Accordingly, pyranine has been employed to measure intracellular pH,[2, 9-10] 

track protein structural transitions,[9-12] for metal ion-sensing,[13] and for the development of 

environmental sensors.[14-16] The monitoring of chronic wounds via pH-sensitive wound pads 

is a relevant application, in particular, due to the similar relevant pH range.[17-18] The low 

price of pyranine compared to other fluorescent dyes is especially attractive for commercial 

applications, even allowing its use in fluorescent text markers. However, due to the difficulty 

of covalent conjugation, with few exceptions,[19-22] most pyranine sensors are based on non-

covalent integration.[15, 23-26] Here, the dye’s high water solubility and lack of functional 

groups besides three sulfonic acids groups can lead to severe limitation in terms of leaching. 

Recently, we demonstrated that the coupling of pyranine with benzalkonium chloride into a 

water-insoluble ion pair can solve this problem for a range of pH values.[27] Loading of the ion 

pair onto a porous support allowed the fabrication of a sensor for wound pH. Still, at higher 

pH the ion pair separates and pyranine can leach out. Therefore, a stable covalent conjugation 

with an adequate host matrix would be preferable. 
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Amphiphilic polymer conetworks (APCNs) represent a class of materials with great potential 

as matrices for sensor applications.[28-31] APCNs combine a hydrophilic and a hydrophobic 

polymer in one network with a nanophase-separated morphology. The synergistic 

combination of both polymers and the unique structural features of APCNs result in a set of 

favorable properties that includes, amongst others, optical transparency, mechanical stability 

and amphiphilic swelling, resulting in permeability to aqueous solutes and compounds 

dissolved in organic solvents. Moreover, APCN can be permeable simultaneously for aqueous 

solutes and for hydrophobic gases, such as oxygen and carbon dioxide, with controlled gas 

and water permeability being of importance, for example, in different types of wound dressing 

applications.[32] The phase morphology and functional properties of APCNs can be tailored to 

the desired applications by variation of the synergistically combined polymer components, 

molecular weights, and their weight fraction in the final APCN, allowing a level of control 

beyond hydrogels with one phase.[33] Their functional properties have made APCNs prime 

candidates for biomedical applications, ranging from soft contact lenses and immunoisolation 

membranes to controlled drug release, interfacial enzyme catalysis,[34-41] and sensor 

applications.[42-49] For APCN-based sensors, the hydrophobic or hydrophilic phase was 

typically loaded with the sensing entities due to the difficulty of APCN functionalization. The 

ability to selectively load either or both phases with hydrophilic or hydrophobic compounds, 

respectively, for example drugs or sensing entities, offers access to even more complex 

functional materials. Recently, we have presented a new method for the fabrication of active 

ester-based APCNs that can be covalently functionalized in a controlled and convenient 

manner with a large variety of different entities.[50] 

In this work, we exploit this active ester functionalization route to prepare a fluorescent 

ratiometric pH sensor based on an APCN matrix with covalently attached pyranine 

(PyrAPCN) (Figure 1). In the PyrAPCNs, a poly(dimethylsiloxane) (PDMS) nanophase is 

combined with a water-swellable poly(hydroxyethyl acrylate (PHEA) phase that brings the 
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pyranine dyes in direct contact with the aqueous environment. The PyrAPCNs were 

synthesized and characterized with regard to their chemical structure, their phase morphology 

and their pH-dependent fluorescent properties. 

The synthesis of the PyrAPCN is schematically depicted in Figure 2a. It was monitored by 

attenuated total reflectance (ATR) Fourier transform infrared spectroscopy (FTIR, Figure 2b, 

Figure S1/2) as well as fluorescence and UV-vis spectroscopy (Figure 2c, Figure S3). First, a 

homogeneous hydrophobic precursor membrane (preAPCN) was synthesized via 

photopolymerization of TMS-protected hydroxyethyl acrylate (TMS-HEA) and the 

hydrophobic reactive ester monomer pentafluorophenyl acrylate (PFPA) together with a 

PDMS macromonomer crosslinker (MA-PDMS-MA).[50] (FTIR spectra of all components in 

Figure S1). The weight ratio of HEA to PDMS was 3:2 to allow for good swelling ability in 

water. The degree of functionalization was only 0.2 mol% PFPA relative to TMS-HEA, yet 

the successful incorporation of PFPA was still observable by FTIR due to the strong and 

distinct C-F bond signal (Figure 2b). Primary amine functionality was installed into the 

APCNs via the reaction with diaminopropane (DAP). The successful functionalization was 

confirmed by the disappearance of the C-F bond signal in the FTIR spectrum (Figure S3) and 

by reaction with fluorescamine, a specific assay reagent for primary amines (Figure S4). For 

the conjugation of pyranine, its phenol group was acetyl protected and its sulfonic acids 

activated towards amines as sulfonyl chlorides (pyranine-Cl). Reaction with the amine-

modified conetwork resulted in the formation of stable sulfonyl amide linkages. Considering 

that on average only one out of 500 repeating units in the hydrophilic phase is amine-

functionalized, together with the large excess of Pyranine-Cl in solution (molar ratio > 100:1), 

a reaction at more than one sulfonyl chloride group is highly unlikely. However, it must be 

noted that each of the three sulfonyl chloride groups can react, with Figure 2a presenting only 

one of three possible structures. Subsequent deprotection of the pyranine and remaining TMS 

groups and the hydrolysis of the unreacted sulfonyl chlorides into the sulfonic acids afforded 
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the final PyrAPCN. Free-standing films with a thickness of ~100 µm as measured by optical 

microscopy were prepared. High selectivity of the sulfonyl chlorides for primary amines 

under the employed reaction conditions was confirmed in a control experiment with an APCN 

bearing no amine functionality (Figure S3). The color of the dry PyrAPCN was a light yellow 

for protonated pyranine and an orange color in case of the sodium salt of the pyranine’s 

phenol-OH which determines the absorption and fluorescence properties of pyranine (Figure 

2d). The absorbance spectra showed not only a distinct difference between the two forms but 

also excellent optical transparency due to the nanoscale phase domains of the APCN. Both 

forms showed distinct fluorescence emissions in the dry state when excited at 406 nm or 460 

nm (Figure 2c), confirming that their functional character was not compromised by the 

covalent conjugation. 

Besides the chemical nature of the polymer components, the phase morphology of APCNs is 

of vital importance for their functional properties. Phase separation in APCNs is restricted by 

the covalent links of the network structure which results in a characteristic phase morphology 

with domains in the nanometer range. The phase morphology was investigated by atomic 

force microscopy (AFM, Figure 3a/b) and small angle X-ray scattering (SAXS) (Figure 3c), 

two highly complementary characterization methods. In AFM phase mode images, the softer 

PDMS domains appear as dark areas due to the difference in energy dissipation.[51-52] Phase 

mode AFM images showed clear phase separation between hydrophilic PHEA and 

hydrophobic PDMS domains. Percolation and continuity within the PHEA phase can be 

clearly observed, whereas the roughly spherical PDMS domains appear separate due to the 

lower PDMS content. SAXS analysis confirmed the existence of separate domains in the 

nanometer range with a scattering peak (q*) from domain-domain interference. The peak 

position of 15.6 nm can be interpreted as an inter-domain spacing, which corresponds well to 

the distances in the AFM images: small enough to avoid visible light scattering and, thereby, 

provide optical transparency. Furthermore, a second order peak 2q*, more distinctly 
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observable in the related Kratky plot (Figure S6), indicates a short range domain order. No 

long range order was found, which is typical for such covalent network structures.[50] Overall, 

the phase morphology of the PyrAPCN appeared comparable to similar APCNs,[50] indicating 

little influence of the small amount of incorporated pyranine dye. 

A defining characteristic of APCNs is their ability to swell in both hydrophilic and 

hydrophobic solvents due to their amphiphilic nature, with the swelling controlled by the 

overall composition. We determined the volumetric degree of swelling SVol for water and n-

heptane and found swelling properties with SVol = 1.30±0.03 in n-heptane and with SVol = 

1.40±0.02 in water. The ability to swell in water is most important for pH sensors, however, 

in addition to changing the mechanical properties, crosslinking and swelling of the 

hydrophilic phase, a PDMS phase provides higher oxygen permeability that can be of 

importance for biomedical applications, such as wound dressings.[34, 53-54] The control over an 

APCNs phase morphology generally allows to drastically improve the oxygen permeability by 

increasing the PDMS content to achieve co-continuity.[34] 

The PyrAPCN membranes were investigated as sensors for the ratiometric detection of pH by 

immersing them into different buffer solutions with pH values ranging from 5 to 9 and 

measuring the fluorescence emission after 1 min of equilibration. The emission spectra for the 

excitation at 406 nm 460 nm are shown in Figure 5a/b with the clear change in peak 

absorption between different pH values. Peak emission for excitation at 406 nm increases for 

increasing pH values, whereas it is reduced for excitation at 460 nm. For a complete picture of 

the excitation-dependent emission properties of the membrane, a 2D excitation-emission 

spectrum over the excitation range from 375 to 500 nm is shown for pH 7 in Figure 5c. The 

ratio between the intensity of emission at 537 nm after excitation at 406 nm (I406) and after 

excitation at 460 nm (I460) was plotted against the corresponding pH value (Figure 5d) and the 

data points could be fitted using a sigmoidal function (further information and fit parameters 

in Figure S8), demonstrating the ability of the pyranine-labeled APCN membranes to 
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discriminate between different pH values with a 58-fold increase in the ratiometric response 

from pH 5 to 9. Plotting the same data in logarithmic scale allows the linearization of the 

calibration in the range from pH 5-8. This strong response represents a substantial 

improvement compared to our previous work (6-fold increase from pH 5.5-8.5). The pH-

dependent emission properties of the pyranine-labeled APCN membranes can also be 

distinguished by the naked eye, when illuminated with a white light source (Figure 5d). 

It is of interest to note that the emission maximum at 537 nm observed for the pyranine-

labeled APCN membranes is red-shifted by 20 nm compared to the fluorescence of free 

pyranine in aqueous solutions, which is usually centered at around 514 nm.21 The fluorescent 

properties of pyranine and of its sulfo-derivatives are known to be solvent-dependent 

(solvatochromic) and sensitive to changes in the physico-chemical environment, thus the 

observed shift could be explained by a combination of factors including molecular 

modification (formation of sulfonamide moieties) and interactions with the local membrane 

environment.[7, 55] 

The reversibility and, thus, reusability of the PyrAPCN was assessed by performing a full 

second calibration for one sample as well as a cycling experiment between pH 6 and 8 

(Figure S7). Both showed reversibility though a longer response time from basic to acidic pH 

values was necessary with equilibration after ~30 min. Importantly, no leaching of the 

fluorophore could be observed even after prolonged immersion in buffer solution due to the 

stable sulfonyl amide conjugation. The PyrAPCN showed excellent shelf-life stability with no 

sign of loss of functionality after more than one year of storage (dried state, dark), after which 

time some of the experiments reported in here were conducted (for example, Figure S8). 

In conclusion, despite pyranine´s potential for fluorescent ratiometric pH sensors, in particular 

its low price, high photostability and range of pH sensitivity, it has been held back by the lack 

of adequate matrices that provide a stable covalent attachment and impede leaching. APCNs 

provide an excellent matrix that is thin, stable and optically transparent. The active ester-
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based conjugation approach provides a fast and convenient pathway towards a controlled and 

homogeneous pyranine functionalization based on highly stable sulfonamide linkages. It 

should be noted that the presented fabrication method is not limited to just pyranine but can 

be readily expanded towards other amine-reactive sensor dyes and other functional 

compounds, thereby, laying the foundation for a range of new sensor applications and other 

functional APCNs. Few dyes, however compare to pyranine´s combination of favorable 

properties. By controlling the composition and phase morphology of PDMS-based APCNs, 

their swelling ability and permeability to solutes and oxygen can be controlled and tuned. This 

will allow to further optimize this ratiometric pH sensor for biomedical applications, in 

particular for applications in chronic wound monitoring. 
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Figure 1. Ratiometric pH detection by nanophase-separated PyrAPCN sensors.  

 

 
Figure 2. (a) Synthesis of PyrAPCN from active ester preAPCNs. Reaction conditions: (i) 

DAP/TEA; (ii) pyranine-Cl then TEA/water and deprotection of remaining TMS in acidified 

isopropanol/water mixture. The depicted covalently attached pyranine structure is one of three 

possibilities since all sulfonyl chloride groups may form the sulfonamide linkage to the 

network. (b) ATR-FTIR spectra of the preAPCN and the PyrAPCN. (c) Fluorescence 

emission spectra at λEx = 460/406 nm and (d) photographic images of a dry PyrAPCN with 

the protonated and the sodium salt form of the pyranine’s phenol-OH on a white background 

(length ~1 cm). 

 



     

15 

 

 
Figure 3. Phase morphology of PyrAPCN with a weight ratio PHEA/PDMS of 60:40. (a/b) 

Phase mode AFM images of the (surface) and a (b) cross-section. The softer PDMS domains 

appear dark in the phase mode images. (c) 1D SAXS trace and 2D SAXS. First (q*) and 

second (2q*) order peaks are indicated with arrows.  
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Figure 4. (a/b) Fluorescence emission spectra of the PyrAPCN after swelling in buffer 

solutions of different pH (excitation at (a) 460 nm or (b) 406 nm. (c) 2-D excitation-emission 

fluorescence spectra of a PyrAPCN swollen at pH 7. (d) Ratiometric calibration curve 

obtained from peak intensities of the emission spectra at 537 nm (inset shows same data in 

logarithmic scale). Error bars represent one SD for 3 measurements. The lines represent a 

sigmoidal fit to the data points according to the depicted formula (fit parameters and further 

information in Figure S8). The photographic images show a PyrAPCN swollen at three pH 

values with white light illumination from the side. 
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Pyranine is an exceptional fluorescent dye, combining high photostability with ratiometric pH 

detection in the physiological range. Nanophase-separated amphiphilic polymer conetworks 

provide an ideal matrix system for pyranine. An active ester-based functionalization approach 

ensures stable conjugation to the hydrophilic phase and contact to the aqueous environment, 

enabling its use as fluorescent ratiometric pH sensors in the range of pH 5-9. 
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1  Materials 

All solvents including anhydrous solvents were purchased from Sigma-Aldrich or Fisher Scientific and 

were of analytical or reagent grade. All chemicals not listed below were purchased from Sigma Aldrich 

or TCI Europe and were of analytical or reagent grade. Polypropylene tape (50 μm thickness, Tesa, 

Germany) was purchased from Distrelec (Switzerland). Methacryloxypropyl-terminated 

poly(dimethylsiloxane) (MA-PDMS-MA, viscosity 50−90 cSt, 4500-5500 g mol-1; 1H NMR: Mn = 4600 g 

mol-1; GPC: Mn = 3500 g mol-1; PDI = 1.7 with GPC and NMR characterization reported previousl y[1]) 

was purchased from ABCR (Germany). PFPA and TMS-HEA were prepared according to previously 

reported procedures and stored under argon at -20 °C until use.[2-3] All solutions were prepared in Milli-

Q water from in-house supply unless stated otherwise. Phosphate buffer saline (PBS) solutions with a 

pH range from 5 to 9 were used to test the pH response. The pH of the buffers was adjusted with 0.1 M 

NaOH and 0.1 M HCl using a glass electrode pH meter. 

 

2  Experimental Details 

2.1 Synthesis of Pyranine Trisulfonyl Chloride (Pyranine-Cl) 

The synthesis was adapted from a literature procedure.[4] First, the phenol group of the pyranine was 

protected with an acetyl group. 1 g (1.91 mmol) of pyranine, 10 mL of acetic anhydride and 16 mg of 

anhydrous sodium acetate are mixed under stirring in a 25 mL-round bottomed flask and heated to 

reflux (°C) for 35 h. Already after overnight heating, the suspension had changed from yellow to a 

white-grayish. After 35 h, the mixture was allowed to cool to room temperature, then ca. 30 mL of THF 

were added and the suspension was centrifuged at 5000 rpm for 5 min. The pellet was redispersed in 

45 mL THF, centrifuged again and redispersed in 45 mL of acetone, centrifuged again and put under 

vacuum for 3 days. The yield of acetyl-pyranine was quantitative with a creamy-white solid, insoluble 

in THF and acetone but very soluble in water and it was used for the next step without further 

purification. 

For the synthesis of the tri-sulfonyl chloride, in a 25 mL-round bottomed flask, 1 g (1.93 mmol) of 

acetyl-pyranine was mixed together with 5.5 mL of thionyl chloride and 50 μL of anhydrous 

dimethylformamide. The mixture was stirred and refluxed (85 °C) for 5 h. Soon the solid dissolved 

forming an orange solution. After 5 h, the solution was cooled to room temperature, then, by the aid of 

a pipette, it was transferred to a beaker containing ice in water. Under stirring, the orange oil rapidly 

turned into an orange powder. More water was added to complete the quenching and the solid was 

collected by filtration on a glass filter, rinsed copiously with water and dried under vacuum. The yield 

was 0.78 g (1.31 mmol, 68 %) of dry product. 1H NMR (400 MHz, CDCl3) δ/ppm: 9.66 (d, J = 9.8 Hz, 1H), 

9.61 (s, 1H), 9.48 (d, J = 9.9 Hz, 1H), 9.44 (d, J = 9.6 Hz, 1H), 8.90 (s, 1H), 8.82 (d, J = 9.7 Hz, 1H), 2.68 (s, 

3H, acetyl-CH3). 13C NMR (101 MHz, CDCl3) δ/ppm: 168.5, 147.0, 140.5, 137.1, 136.9, 132.9, 131.7, 129.6, 

128.0, 127.9, 127.3, 126,3, 125.9, 125.3, 125.1, 124.4, 123.1, 21.0. 
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2.2 Synthesis of Active Ester preAPCN 

The synthesis of the preAPCNs followed a modified protocol that we reported previously.[1] 

Photoinitiator Irgacure 651 (12 mg, 47 mmol) was dissolved in TMS-HEA (1.52 mL, 1.44 g, 7.65 mmol) 

in a screw cap glass vial, followed by the addition of PFPA (2.5 µL, 4 mg, 0.015 mmol) and MA-PDMS-

MA (0.6 mL, 0.59 g). The monomer mix was vortexed for 30 s followed by treatment in an ultrasonication 

bath for 30 s. A glass slide was equipped with spacers on two sides with a total thickness of about 100 

μm (two layers of 50 μm thick polypropylene tape). Monomer mixture was added between on the glass 

slide between the spacers and covered with a plain glass slide followed by immediate 

photopolymerization in a UV chamber (UVASPOT 400/T, 400 W, 315 nm long pass filter, Dr. Ho ̈nle AG, 

Germany, 3min irradiation per side). The glass slides were placed in acetone to swell the conetworks 

and facilitate their removal from the glass slides. The conetworks were removed and dried on a filter 

paper under vacuum to yield optically transparent preAPCNs of about ~100 μm thickness. Before 

analysis or a functionalization reaction, the preAPCNs were washed for several hours in THF at 40 °C. 

The thickness of the network as measured at 5 points by an optical microscope ((Keyence VHX-1000 

system) was 98 ± 3 µm. 

2.3 Synthesis of PyrAPCN 

The functionalization of the preAPCN with primary amines was based on a protocol that we reported 

previously.[1] About 4 cm2 (≈ 30 mg with ≈ 0.15 µmol of active ester units) of preAPCN were placed in 

10 mL of THF in a screw cap vial. Diaminopropane (DAP, 10 µL, 9 mg, 0.12 mmol) and TEA (5µL, 4 mg, 

0.036 mmol) as an auxiliary base were added and the reaction was allowed to proceed in the closed vial 

on a shaker (160 rpm) at 40 °C overnight. Subsequently the conetworks were washed in THF, dried for 

later use (on filter paper, under vacuum) or directly used for the next step. For the reaction with the 

Pyranine-Cl, a solution of Pyranine-Cl in anhydrous THF (2 mg∙mL-1, 3.3 µmol/∙mL-1) was prepared. 

The conetwork were placed in 5 mL of the solution (10 mg, 16.5 µmol of pyranine-Cl, > 100:1 ratio to 

amine groups) for 2 min followed by removal of the reactive solution and washing of the yellow 

pyranine-functionalized conetworks with THF to remove any unreacted pyranine. To remove the acetyl 

protection group and quench the unreacted sulfonyl chloride groups of the covalently attached 

pyranine, several drop of water and 10 μL of TEA were added. The successful reaction was indicated 

by an immediate change of color of the conetworks due to the deprotonated phenol group. For the 

deprotection of the TMS groups, the conetworks were immersed overnight in a 1:1 mixture of 

isopropanol and water that was acidified with concentrated HCl (16 drop/L). Subsequently, the final 

PyrAPCNs were washed in THF, acetone, and EtOH, followed by drying on a filter paper under 

vacuum. The PyrAPCNs were stored in the dark under ambient conditions. The thickness of the 

network as measured at 5 points was 103 ± 3 µm. 

2.4 Control Experiment: Confirmation of Primary Amines in the Networks after DAP 

functionalization 

To confirm the presence of free primary amine groups in the conetworks after reaction of the PFP active 

ester with DAP, a piece of the conetworks was immersed in a THF solution of fluorescamine in THF (20 

mg∙mL-1). An immediate occurrence of fluorescence only inside the conetworks but not in the solution 
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was observed. The conetworks was washed in THF and acetone to remove unreacted fluorescamine 

and dried on a filter paper. The fluorescamine-derived fluorescence was confirmed under near UV 

irradiation and by fluorescence spectroscopy (Figure S4.4). 

2.5 Control Experiment: Selectivity of Pyranine-Cl for Primary Amines 

Reactivity of sulfonic chlorides for amines is much higher than for alcohol groups.[5] Furthermore, 

sulfonic esters are typically not stable against hydrolysis.[6] To investigate the selectivity of the sulfonyl 

chlorides of pyranine-Cl for primary amines, resulting in stable sulfonyl amide linkages, over the 

alcoholic HEA side groups, the preAPCN was treated the same as for the PyrAPCN synthesis but with 

n-butylamine instead of DAP. Thereby, no primary amines were introduced. An essentially exclusive 

reaction of the pyranine-Cl under the reaction conditions was confirmed by the absorbance spectra that 

show no pyranine peak and the absence of any yellow color and Figure S4.3). 
 

2.6 Analysis and Instrumentation 

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR): ATR FTIR spectra 

were recorded on a Varian640-IR FT-IR (Agilent Technologies) spectrometer equipped with a diamond 

crystal ATR unit on the sample surface with a resolution of 8 cm-1 and investigating a wavenumber 

range from 650 cm-1 to 4000 cm-1. 

Swelling Measurements: A dry sample of about 2 cm2 was immersed into water or n-heptane for at least 

one night. The edge lengths Li before and after swelling were measured with an optical microscope 

(Keyence VHX-1000 system), and the average volumetric degree of swelling SVol was determined from 

the four sample edges (length L) as 

𝑆𝑉𝑜𝑙 =
1

𝑛
∑(

𝐿𝑖,𝑠𝑤𝑜𝑙𝑙𝑒𝑛
𝐿𝑖,𝑑𝑟𝑦

)

34

𝑖=1

 

Fluorescence Spectroscopy and Absorbance Spectroscopy: Emission spectra were obtained using a Cary 

Eclipse fluorescence spectrophotometer (Agilent, USA; settings: 5 nm slit width for both excitation and 

emission, medium photomultiplier detector). The membrane sample was analyzed while immersed in 

buffer solution in an open quartz cuvette (optical path length: 1 cm). For each step of the cycling 

experiment, the membrane was equilibrated in the buffer solution for 1.5 h, transferred to the lid of a 

96-hole well-plate with buffer, covered with a cover glass against evaporation and analyzed. Since the 

peak fluorescence intensity exceeded the limit of the device, the ratio was taken at 570 nm. Dry samples 

were analyzed in the same way on the well-plate lid. Samples with the protonated phenol-OH of 

pyranine were achieved already during the TMS-deprotection under acidic conditions. The pyranine 

form with the sodium salt of the phenol-OH was achieved by washing for several minutes in 0.1 M 

NaOH solution, washing with water and drying. The formation of the sodium salt was further indicated 

by the direct change of color and fluorescence properties. Most likely, the sulfonic acid groups were also 

transformed into the sodium salt form. The 2D fluorescence analysis was conducted on a Fluoromax-

Plus fluorescence spectrometer (Horiba Scientific, Japan). The sample was swollen in pH 7 buffer, 

placed on a glass slide, covered with a cover glass against evaporation and mounted in the instrument 

at a 15° angle between light source and detector. Fluorescence intensity was measured for excitation 
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from 375–500 nm (10 nm increment) in the emission range 398–650 nm (2 nm increment) with front 

entrance/exit slits for excitation/emission all at 2 nm bandpass. A Rayleigh masking for 1st/2nd order 

scattering was applied (slit width 4). For absorbance spectra, the samples were analyzed lying flat on 

the lid of a well-plate on a Cary 50 Bio UV-visible spectrophotometer with a well-plate setup (Agilent, 

USA). 

NMR Spectroscopy: The 1H NMR spectra were recorded at 400.2 on a Bruker Avance III 400 NMR 

spectrometerv at 297.2 K using the standard Bruker pulse programs and parameter sets. The 1H NMR 

spectra were referenced internally with the residual resonances of the solvent. 

Atomic Force Microscopy (AFM): AFM analysis was conducted on a scanning probe microscope 

FlexAFM V5 (Nanosurf AG, Switzerland) equipped with a C3000 controller and the associated software 

(Nanosurf C3000 Version 3.7.3.6). Measurements were performed at ambient conditions in tapping 

mode with a silicon AFM probe (Tap-150Al-G, BudgetSensors, Bulgaria) with a force constant of 5 N 

m−1 and resonance frequency of 150 kHz. Images were obtained on dry samples on the sample surfaces 

or on cross sections obtained with a microtome-type blade. The data were analyzed using Gwyddion 

software (Version 2.46). 

Small Angle X-Ray Spectroscopy (SAXS): SAXS studies were carried out using a Nanostar SAXS 

instrument (Bruker AXS GmbH, Karlsruhe, Germany). The instrument is equipped with a microfocused 

X-ray source (Incoatec GmbH, Geesthacht, Germany) providing Cu Kα radiation and MONTEL optics 

with two pinholes of 300 μm to focus the X-ray beam. A VÅNTEC-2000, Xe-based gas avalanche 

detector was used to record the 2D scattering patterns. The scattering patterns of dry samples were 

recorded over 30 min of exposure time at room temperature. The scattering intensities as a function of 

scattering vector (q = (4π/λ) sin(θ)) were obtained by azimuthal integration of 2D patterns. 
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3  Additional Experimental Results 

3.1 FTIR Spectra of Network Components 

 

 

Figure S1. ATR-FTIR spectra of the monomers, the PDMS macromonomer crosslinker and the 

preAPCN derived from them. 
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3.2 FTIR Spectra for all Synthesis Steps 

 

Figure S2. ATR-FTIR spectra of conetworks for all synthetic steps from preAPCN towards the 

PyrAPCN. 
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3.3 Absorbance Spectra 

 

Figure S3. (a) Absorbance of the PyrAPCN in the protonated or the sodium salt form as well as the 

absorbance of the control APCN for which n-butylamine had been used instead of DAP. No pyranine 

absorbance is detected indicating exclusive reaction with primary amines. Notably, all APCNs show 

only dye-related absorbance with overall excellent optical transparency. (b) Photographic images of 

PyrAPCN (left) and APCN from control experiment (right). Sizes: edge length ~1cm. 

3.4 Fluorescamine Test 

 

Figure S4. (a) Fluorescence of an primary amine modified preAPCN after reaction with fluorescamine 

and (b) photographic image of the membrane under near-UV irradiation (size: long edge ~1cm). 
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3.5 Surface AFM Images 

 

Figure S5. Height-mode AFM images of PyrAPCN of a (a) surface and a (b) cross section. The images 

correspond to the AFM images presented in Figure 4a/b. The phase separated domains appear in 

height mode images as phase artifacts. 

3.6 Kratky Plot 

 

Figure S6. Kratky plot for the SAXS data presented in Figure 3 to increase the visibility of the second 

order peak. 
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3.7 Repeatability and Reversibility of pH Measurements 

 

Figure S7. Reversibility of the pH sensing ability of the pyranine-labelled APCN membrane. After 

performing the cycle from pH 5 to pH 9 shown in Figure 3, the membrane was left overnight in pH 5 

buffer and the measurements were repeated. (a/b) Emission spectra for the excitation at 460 nm and 

406 nm, respectively. c) Comparison between the ratiometric response of the same membrane (537 

nm) after the first and second cycle of pH change. The points at pH 5 and pH 7 are overlapping. (d) 

Cycling experiment between two different pH values. The measurement was conducted on a well-

plate lid where intensities were often too high. Therefore, the intensity at 570 nm was used. 
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3.8 Fit of pH response values 

 

Figure S8. Data for sigmoidal fit to the pH response values in Figure 4. 
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