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Encapsulated enzymes with integrated fluorescence-control of enzymatic activity 

 

Abstract 

A fluorescence-based particle sensor for oxaloacetic acid is presented. In the presence of 

nicotinamide adenine dinucleotide as cofactor, oxaloacetic acid is converted by malate 

dehydrogenase into L-malic acid. The reaction progress is monitored by sensing of proton 

consumption with an integrated pH sensor. The kinetics of this sensor is investigated on a 

single particle level. This work demonstrates the feasibility to detect analytes upon their 

enzymatic conversion into a product, which in turn can be sensed with a fluorophore 

responding to changes in the concentration of this product. Integration of enzymes and 

fluorophores into one carrier particle, as demonstrated here for the case of polyelectrolyte 

polymer capsules, allows to extend the range of analytes which can be detected with 

fluorescence, as it enhances selectivity. This coupled system allows to monitor enzymatic 

activity as well as kinetics of malate dehydrogenase. 
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Introduction 

Analyte-sensitive fluorophores are common tools to measure the concentration of analytes in 

solution by means of fluorescence measurements.
1,2

 Fluorophores which selectively respond 

to the presence of a large number of analytes have been reported in literature and many of 

them are also commercially available,
3,4

 such as Ru(ddp), FluoZin, tetraphenylethene-based 

diboronic acid, [Ru(phen)3]
2+

, etc.
1,2,5,6

 Selectivity to the target analyte however is often 

limited, as the presence of other (similar) analytes triggers an unwanted crosstalk response. In 

addition, for many analytes no fluorophores, which show response upon their presence, has 

been described. One strategy to bypass these shortcomings is the use of enzymes. Enzymes 

are very selective to their target substrates. In case fluorophores responsive to the enzymatic 

product are used, analytes which serve as target for the enzyme can be selectively detected.
7-12

 

Ideally enzymes and fluorophores (in addition to organic fluorophores also quantum dots and 

luminescent metal nanoclusters have been used) should be coupled together into one entity, 

which is possible for example by linking both of them to colloidal particles. One convenient 

carrier particle system which allows for embedding analyte-sensitive fluorophores,
13-16

 as well 

as enzymes,
17-24

 are polyelectrolyte capsules fabricated by layer-by-layer assembly.
25-27

 The 

walls of the capsules can be made semi-permeable which allows small analytes to diffuse 

inside the capsule to reach embedded fluorophores and enzymes, while retaining the 

fluorophores and enzymes inside the cavity of the capsule. In case fluorophores are not 

retained due to their small size they can be linked to larger molecules.
19

 Combination of 

analyte-sensitive fluorophores and enzymes allows for selective detection of 

analytes/substrates.
28,29

 For example, Kazakova et al. co-embedded urease and the pH-

sensitive fluorophore seminaphtharhodafluor (SNARF) in polyelectrolyte capsules with the 

intention of designing an urea-selective fluorescence sensor.
29

 Upon enzymatic processing of 

urea by urease, the local pH increases due to the production of ammonia, which is detected 

with the pH-sensitive fluorophore (i.e. consumption of protons). In principle, such enzyme-

based fluorescence sensors could also be applied for intracellular sensing, similar to 

intracellular pH-sensing which has been demonstrated to monitor cellular reactions.
30

 This 

would be in particular interesting for target molecules which are relevant for cellular function. 

Besides real-time determination of the intracellular concentrations of such target molecules, 

these capsules could be seen as theranostic devices. In case the concentration of an 

intracellular target is decreased by the enzymes delivered with the capsules, this decrease 

could be monitored directly by co-delivered fluorophores selective to one of the enzymatic 

products.  

In this work a proof-of-concept of such an encapsulated enzyme-fluorophore couple for a 

biologically relevant target analyte is demonstrated. Specifically, we encapsulated malate 

dehydrogenase, an enzyme involved in many metabolic pathways, including the Krebs cycle, 

which reversibly converts oxaloacetic acid (OAA) into L-malic acid: 

OAA + NADH + H
+
 ⇌  L-malic acid + NAD

+
 

This reaction requires nicotinamide adenine dinucleotide (NADH) as a cofactor. During the 

enzymatic reaction protons are consumed/produced, depending on the direction of the 
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reaction. Based on the response of co-encapsulated pH-sensitive fluorophores SNARF-1 the 

reaction can be monitored by pH-sensing, cf. Figure 1. The kinetics of this combined system, 

in particular the one of its fluorescence read-out, is discussed in this work. 

 

 

Figure 1. Sensing principle: malate dehydrogenase and the pH-sensitive fluorescent dye 

SNARF-1-dextran are encapsulated inside hollow microcapsules made by deposition of 

alternating layers of polystyrene sulfonate (PSS) and poly(allylamine hydrochloride) (PAH). 

The presence of oxaloacetic acid (OAA) or nicotinamide adenine dinucleotide (NADH) inside 

the cavity can be sensed by SNARF-1-dextran in response to the local decrease in proton 

concentration caused by the enzymatic reaction OAA + NADH + H
+
 → L-malic acid + 

NAD
+
. 

Materials and Methods 

Chemicals: Poly(sodium 4-styrenesulfonate) (PSS, Mw ≈ 70 kDa, #243051), poly(allylamine 

hydrochloride) (PAH, Mw ≈ 56 kDa, #283223), calcium chloride dehydrate (CaCl2, #223506), 

sodium carbonate (Na2CO3, #S7795), ethylenediaminetetraacetic acid disodium salt dihydrate 

(EDTA disodium salt, #E5134), and malate dehydrogenase (#M2634) were purchased from 

Sigma-Aldrich (Germany). SNARF-1 dextran (Mw ≈ 70 kDa, #D3304) from Life 

Technologies (Germany) was used. Sodium chloride (NaCl, #HN00.2), oxaloacetic acid 

(OAA, #4032.2), and β-nicotinamide adenine dinucleotide disodium salt (NADH, 

#AE12.1) were obtained from Roth (Karlsruhe, Germany). Phosphate buffered saline (PBS-

Dulbecco, #L1825) was purchased from Biochrom (Berlin, Germany). Ultrapure double 

distilled water (ddH2O) with a resistance greater than 18.2 MΩ cm
−1

 was used for all 

experiments.  

Synthesis of polyelectrolyte sensor capsules: The synthesis of polyelectrolyte microcapsules 

(PEM) was carried out as described previously,
14,15,30,31

 with the following modifications: 

CaCO3 microparticles were prepared at room temperature (RT) from solutions of CaCl2 and 

Na2CO3 under vigorous stirring in the presence of SNARF-1 dextran and malate 
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dehydrogenase. 615 µL of aqueous solution of CaCl2 (0.33 M) with NaCl (1.33 M), 600 µL 

SNARF-1 dextran 70 kDa (1 mg mL
-1

) and 100 µL malate dehydrogenase (11 mg protein 

mL
-1

, 7700 U mL
-1

) were mixed together in a glass vial. During magnetic stirring (1000 rpm) 

615 µL of aqueous solution of Na2CO3 (0.33 M) with NaCl (1.33 M) solution was added 

quickly. After 30 s the stirrer was turned off and particle growth was stopped after additional 

2 minutes by centrifugation. The particles were washed three times with ddH2O and then 

directly used for the layer-by-layer assembly of polyelectrolytes. Alternating layers of 

negatively charged PSS (2 mg mL
-1

 in 0.5 M NaCl) and positively charged PAH (2 mg mL
-1

 

in 0.5 M NaCl) were deposited onto the charged microparticles until four bilayers of 

polyelectrolytes had been established (CaCO3@(PSS/PAH)4). For coating with each layer the 

microparticles were suspended in 1 mL of polyelectrolyte solution, shaken gently for 10 

minutes and washed three times with ddH2O. The dissolution of the cores was carried out by 

Ca
2+

 ion complexation with EDTA (1 mL, 0.2 M, pH 6) for several minutes. The resulting 

SNARF-1 and malate dehydrogenase containing microspheres were washed three times with 

ultrapure water to remove excess EDTA and stored at 4 °C. The size of the resulting capsules 

was ranging between 3 and 5 µm.  

Fluorescence spectroscopy based sensing: To determine the response of SNARF-1 to the 

enzymatic activity of malate dehydrogenase in free solution a reaction mixture of 10 mM 

OAA, 75 µM NADH, 1 µL malate dehydrogenase (11 mg protein mL
-1

, 7700 U mL
-1

) and 

100 µg mL
-1

 SNARF-1 was prepared. The pH of all stock solutions was adjusted to 6 with 

HCl and NaOH prior to use. Immediately after preparation SNARF-1 was excited at 540 nm 

with a FluoroLog (Horiba, Japan) fluorescence spectrometer and the emission was recorded 

over time between 560-700 nm.  

Fluorescence microscopy based sensing: A confocal laser scanning microscope (cLSM) was 

used (LSM 510 Meta, Zeiss) for local sensing of pH-changes with polyelectrolyte sensor 

capsules. Drops of capsule solution were examined on a glass slide (approximately 40,000 

capsules per drop of reaction mixture). SNARF-1 was excited simultaneously at 488 nm and 

543 nm. The fluorescence signal was recorded at ranges between 550 – 615 nm (channel 1) 

and 615 – 750 nm (channel 2). The ratio of the fluorescence intensity of channel 2 (intensity 

Ir) / channel 1 (intensity Iy) was calculated for all pixel pairs where the intensity in both 

channels was above a threshold. The mean value for all pixel intensity ratios of one image 

(approximately 300 capsules) was calculated and used to determine the pH changes inside the 

capsule cavities caused by the enzymatic reaction catalyzed by malate dehydrogenase in the 

presence of the substrate OAA and the co-enzyme NADH. To determine reaction kinetics the 

fluorescence intensity of SNARF-1 in both channels was measured over time after addition of 

OAA and coenzyme consecutively, if not stated otherwise. Image processing was performed 

with Matlab (Mathworks). All solutions used for the experiments were adjusted to pH 6 with 

HCl or NaOH immediately before the sensing process was performed. The reaction mixture 

was buffered with PBS (5 %). The sensing experiments were always performed one day after 

capsules preparation. 
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Results and discussion 

Four basic requirements have to be met in order to employ polyelectrolyte microcapsules for 

fluorescence sensing of products of enzymatic reactions. First, the enzymatic reaction itself 

should lead to a local change in concentration of free ions. Second, an ion-sensitive 

fluorophore-sensor should be loaded together with the catalytically active molecules (i.e. 

enzymes). Third, the molecular size of the dye and the catalyst should be sufficiently large to 

retain them within the capsule cavity. Last, substrate molecules should be small enough to 

penetrate through the capsule wall. Hereby, the precise molecular weight cut-offs depend on 

the capsule material and architecture. 

In our experimental set-up we evaluated sensing capacities of microcapsules carrying malate 

dehydrogenase (70 kDa, isoelectric point: 10) and the pH-sensitive dye SNARF-1. SNARF-1 

was coupled to dextran (70 kDa) to increase the molecular size of the fluorescent probe and to 

ascertain that it is retained inside the capsule cavity.
15

 The maximum of the emission 

spectrum of SNARF-1 shifts from 580 nm in acidic media to 640 nm in alkaline media. As 

described, the pKa of the fluorophore might change in different environments. While the pKa 

of the free dye is in accordance with the manufacturer’s value of 7.50, it changes when 

encapsulated,
15,29

 in the present case while encapsulated together with malate dehydrogenase 

to about 6.80. 

Malate dehydrogenase is an enzyme of the citric acid cycle. The molecular weight of the 

enzyme (70) kDa is sufficient to keep it inside the cavity. The conversion of L-malic acid into 

oxaloacetic acid is catalysed by the enzyme. This is accompanied by the reduction of the 

cofactor NAD
+ 

into NADH and the release of one hydrogen ion per each reaction. The 

reaction constant of the enzyme depends on the concentration of the respective substrate as 

well as on the pH of the solution. Depending on the initial conditions the reaction can proceed 

in both directions. In case of low pH-values (i.e. when many protons are available) and low 

concentration of L-malic acid the reaction runs to the right, protons are consumed, and thus 

the local pH increases (cf. Figure 1a): OAA + NADH + H
+
 → L-malic acid + NAD

+
. In case 

of high pH values the reaction rather runs to the left, protons are produced, and thus the local 

pH decreases: OAA + NADH + H
+
 ← L-malic acid + NAD

+
. Note that SNARF-1 is only 

sensitive to changes in pH around its pKa value, and thus this fluorophore can be used to 

monitor the reaction in a certain pH range only. The reverse reaction OAA + NADH + H
+
 ← 

L-malic acid + NAD
+
 is favoured in the region were SNARF-1 most strongly responds to 

changes in pH. 

In order to verify that the reaction ensures a significant impact on the pH, we first tested the 

reaction using free substrate (OAA), free cofactor (NADH), free enzyme (malate 

dehydrogenase), and free SNARF-1-dextran as pH indicator in solution of initial pH = 6. 

Upon adding the substrate (10 mM OAA) and the cofactor (75 µM NADH) to the enzyme 

(7700 units/mL) a time-dependent change of fluorescence signal of the solution from 

dominant emission in the yellow (580 nm) to dominant emission in the red (640 nm) was 

observed which indicates that upon consumption of protons the solution became more 
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alkaline, cf. Figure 2a. A calibration curve which allows obtaining the pH from the ratio of 

red-to-yellow fluorescence (Ir/Iy) is shown in Figure 2b. These data demonstrate that the 

reaction catalysed by malate dehydrogenase can be monitored in situ by accompanied 

monitoring of pH. 

 

Figure 2. a) Changes in the emission spectra of free SNARF-1-dextran in a solution (initial 

pH = 6) of OAA (10 mM) and NADH (75 µM) and malate dehydrogenase in response to 

malate dehydrogenase activity. The emission of free SNARF-1-dextran shifts from the yellow 

(intensity Iy) to the red (intensity Ir) region, indicating a continuos increase in pH (after 

40 min pH = 7.4). This is the result of proton consumtion in the reaction OAA + NADH + H
+
 

→ L-malic acid + NAD
+
. b) Comparision of the response Ir/Iy(pH) for free and encapsulated 

SNARF-1 dextran as obtained by spectrofluorimetry (blue and green curve) and cLSM (red). 

In addition to the fluorescent pH indicator SNARF-1-dextran also the pH indicator thymol 

blue was utilized, whose absorption spectrum changes in response to pH. Using UV/vis 

absorption spectroscopy allowed for measuring pH during the reaction (by monitoring 

changes in the spectrum of thymol blue), in addition to directly measuring changes in the 

NADH concentration. Thymol blue changes its colour from blue (pH > 9) to yellow (pH < 

7.4) (cf. Figure S1). The visual change is attributed to an increase in absorption at 430 nm and 

a decrease at 595 nm (cf. Figure S2). The change in absorption at 595 nm is more sensitive 

and shows the sigmoidal slope typical for a pH indicator. In contrast, the cofactor NADH 

shows two absorption bands at 260 nm and 340 nm, whilst the oxidized form NAD
+
 absorbs 

only at 260 nm. Therefore, we analysed the change in NADH concentration in the solution by 

UV/vis absorption spectroscopy at 340 nm. This method is common in systems involving 

NAD
+
/NADH for the determination of enzyme activities. These measurements cannot be 

performed in the presence of the dye, because of its absorption in the UV. The full set of data 

using UV/vis absorption spectroscopy is presented in the SI. In agreement with experiments 

involving SNARF-1-dextran the data verify that the enzymatic activity of malate 

dehydrogenase can be followed by in situ pH measurements, in which a pH indicator and an 

enzyme are free in solution. 

For the construction of a sensor system we attempted to link both the enzyme and the pH-

sensitive dye into one carrier particle. As there are multiple molecules in solution (in 
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particular the carrier particles which absorb and scatter light) we decided to use fluorescence 

instead of absorption spectroscopy as most convenient read-out, and employed SNARF-1-

dextran as a pH-sensitive reporter. Polyelectrolyte polymer capsules fabricated by layer-by-

layer assembly were used as microreactor particles. To prepare the sensing microcapsules, 

malate dehydrogenase and SNARF-1-dextran were first co-precipitated in calcium carbonate 

particles. The particles were then coated with PSS and PAH using the well-described layer-

by-layer technique.
32-34

 In a final step the CaCO3 template was removed by re-dispersing the 

capsules in EDTA, which forms complexes with the Ca
2+

 ions. The resulting capsules filled 

with the enzyme and SNARF-1-dextran had a diameter of 3-5 µm. An image of such capsules 

is presented in Figure 3. The capsules were spherical and well dispersed. The fluorescent dye 

SNARF-1-dextran was encapsulated and remained within the capsule after removal of the 

core. As reported in previous studies the dye is not homogeneously distributed in the capsule 

cavity, rather sticking to the inner capsule wall.
15

 Because SNARF-1 molecules were coupled 

to 70 kDa dextran, which has the same molecular weight as the enzyme, it is reasonable to 

assume that the enzyme stays within the cavity as well, in agreement with previous studies,
19

 

though its presence cannot be concluded from the microscopy images.  

 

Figure 3. Fluorescent micrograph of sensor capsules. An overlay of the transmission and 

fluorescence channels (recorded with a cLSM) is shown in false colours (green: 560-615 nm, 

red: 615 – 750 nm). The scale bar corresponds to 20 µm. 

Finally, we examined the combined system (enzyme and SNARF encapsulated together) by 

recording the fluorescence intensities of SNARF-1-dextran at suitable wavelengths using a 

fluorescence microscope. The presence and activity of the enzyme can be proven by recording 

the changes in pH. Controls with capsules without the enzyme were first investigated. cf. 

Figure 4. The presence of the cofactor NADH has no impact on the Ir/Iy-read out of the dye, 

cf. Figure 4A. Although in this case no enzymatic conversion can take place due to the lack of 

the enzyme OOA already interacts with SNARF-1 as seen by increasing Ir/Iy-values over 

time, independent on whether NADH is present or not, cf. Figure 4B-C. OOA slowly 

decomposes in aqueous solution into pyruvic acid and CO2 accompanied by an increase in 

pH. Though, the rate of the alkalinizing effect of this decomposition was determined to be 

much slower than the observed phenomenon in Figure 4B-C. 
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Figure 4. Control system. Polyelectrolyte multilayer capsules without malate dehydrogenase 

were prepared. The capsules carrying SNARF-1-dextran only were exposed to OAA (500 µM) 

in the absence (B) or in the presence of NADH (50 µM, C, dashed line). Lane A represents 

results obtained for the cofactor alone (500 µM). The substrate (OAA) was added at the time 

point indicated with an asterisk. The cofactor (NADH) was added at the time point marked 

with two asterisks. The reaction was followed for 25 minutes. The initial pH of all solutions 

was adjusted to 6. Corresponding fluorescence images are shown on the right side illustrating 

the response of a single capsule in the red (R) and yellow (Y) channel, in brightfield 

transmission mode (TM) and in a pseudo-coloured image (R/Y) corresponding to the ratio 

Ir/Iy per pixel (same colourmap as used in the plot window). Correlation of Ir/Iy. to pH is 

shown in Figure 2b, and is indicated by the colour code presented in the top panel.  

In the next set of experiments capsules carrying malate dehydrogenase were exposed to their 

substrate OAA, in the presence of different concentrations of the cofactor NADH. The 

changes in SNARF-1-dextran fluorescence intensities were then recorded. As shown in Figure 

5 the initiation of the enzymatic reaction led to a decrease in the amount of free H
+
 ions. This 

was visualised by the change in the ratio Ir/Iy of the fluorescence intensities of SNARF-1-

dextran as recorded in the range from 560-615 nm (Iy, yellow channel) to 615 – 750 nm (Ir, 

red channel), cf. Figure 2a. The reaction only took place in case of presence of the substrate 

(OAA). Without the substrate the pH of the solution remained constant over time (cf. Figure 

5A), indicating that no reaction occurred. Presence of cofactor increased the reaction rate. 

Saturation at high Ir/Iy-values is caused by a decrease of the reaction rate and not by limited 

sensitivity of SNARF-1 as at Ir/Iy > 3.5 SNARF-1 is still responsive to changes in pH, cf. 

Figure 2b.  
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Figure 5. Concentration-dependent changes in the emission spectra I(λ) of encapsulated 

SNARF-1-dextran, reported as Ir/Iy(t), in response to malate dehydrogenase activity. The 

sensor capsules carrying malate dehydrogenase and SNARF-1-dextran were exposed to OAA 

(500 µM) in the absence (B) or in the presence of NADH (50 µM (C) or 100 µM (D)). The 

substrate and the cofactor were added at the time point indicated with an asterisk. Lane A 

represents results obtained for the cofactor alone (500 µM). The reaction was followed for 

12 min. The initial pH of all solutions was adjusted to 6. Corresponding fluorescent images 

are shown on the right side illustrating the response of a single capsule in the red (R) and 

yellow (Y) channel, in brightfield transmission mode (TM) and in a pseudo-coloured image 

(R/Y) corresponding to the ratio Ir/Iy per pixel (same colourmap as used in the plot window). 

The Ir/Iy ratio could be directly related in corresponding pH values according to Figure 2b, 

as displayed by the colour code in the panel. 

To demonstrate the effect of the cofactor on the kinetics of the enzymatic reaction, the 

capsules carrying the enzyme were incubated with the substrate first, followed by the addition 

of NADH. As shown in Figure 6, the more coenzyme was added, the higher was the increase 

in fluorescence intensities of SNARF-1 in the red channel. Moreover, the sensor capsules 

showed no significant response to the cofactor alone (cf. Figure 6A). Addition of the substrate 

caused a steady increase of the Ir/Iy ratio (cf. Figure 6B) as already seen for the control 

particles without encapsulated enzymes, cf. Figure 4B. The reaction could be enhanced by 

addition of NADH (cf. Figure 6C-E versus Figure 6B). At initial NADH concentration of 

100 µM the local pH strongly increased temporarily (cf. Figure 6C-D). After a few minutes 

the cofactor was used up and the pH inside the capsules got equilibrated with the outside 

value. For higher concentrations of the cofactor also the bulk pH was increased by the sensing 

reaction (cf. Figure 6E). Note that the Ir/Iy curves with OAA and with NADH lie on top of the 

curve with OAA, but without NADH. In case of small amounts of NADH added (cf. Figure 

6C), after NADH has been consumed by the enzymatic reaction, the Ir/Iy curve approaches the 

curve in which NADH was not added (cf. Figure 6B). Only in case the cofactor is present the 

substrate can be enzymatically converted. 
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Figure 6. Reaction kinetics - response of sensor capsules to different concentrations of 

substrate and cofactor. The sensor capsules carrying malate dehydrogenase and SNARF-1-

dextran were exposed to different concentrations of OAA and NADH. A - NADH (200 µM); B 

- OAA (350 µM); C - OAA (350 µM) + NADH (100 µM); D - OAA (700 µM) + NADH 

(100 µM); E- OAA (350 µM) + NADH (200 µM). The substrate (OAA) was added at the time 

point indicated with an asterisk. The cofactor (NADH) was added at the time point marked 

with two asterisks. The reaction was followed for 25 minutes. The initial pH of all solutions 

was adjusted to 6. Corresponding fluorescent images are shown on the right side illustrating 

the response of a single capsule in the red (R) and yellow (Y) channel, in brightfield 

transmission mode (TM) and in a pseudo-coloured image (R/Y) corresponding to the ratio 

Ir/Iy per pixel (same colourmap as used in the plot window).  

The data in Figure 6C-D suggest that the continuance of the enzymatic reaction is limited by 

the amount of NADH present. Therefore, we tested whether it could be continued by 

supplying the system with additional NADH. To that end the sensing capsules carrying malate 

dehydrogenase were first incubated with the substrate, followed by the addition of the 

cofactor. When the Ir/Iy ratio was reaching a plateau value, additional NADH was added. 

Indeed, as seen in Figure 7, this allowed the reaction to be continued.  

Page 10 of 15Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



11 

 

 

Figure 7. Reaction kinetics – response of sensor capsules to step-wise addition of cofactor. At 

(*) the substrate was added to the capsule solution to obtain an initial concentration of 

500 µM (total volume: 50L). Subsequently 1 µL of cofactor solution (350 µM) was added at 

each step (**)-(****).The initial pH of all solutions was adjusted to 6. Corresponding 

fluorescent images are shown on the right side illustrating the response of a single capsule in 

the red (R) and yellow (Y) channel, in brightfield transmission mode (TM) and in a pseudo-

coloured image (R/Y) corresponding to the ratio Ir/Iy per pixel (same colourmap as used in the 

plot window). 

Conclusions 

The synthesis and characterization of a particle bound sensor for the detection of OAA, based 

on enzymatic digestion followed by pH measurements has been demonstrated. As enzymatic 

conversion of OAA is a continuous process, as long as substrate and cofactor are available, 

this reaction needs to be monitored over time. This has been demonstrated with time lapse 

recordings of individual polyelectrolyte capsules, which serve as carrier particles for both, 

enzymes and pH sensitive fluorophores. As the present work was a proof-of-concept study no 

detailed analysis about selectivity and sensitivity is given. Instead it is interesting to discuss 

the potential applications of such sensors for intracellular detection. It is well accepted that 

polyelectrolyte polymer capsules as used here are internalized by adherent cell lines via 

endocytosis, and that their final intracellular location is the lysosome.
31,35-37

 This however 

involves general problems associated with particle based intracellular sensing.
16

 Though some 

methods exist to release molecules from capsules (in the size range from ca. 150 nm
38

 to 3-5 

µm
39-41

) residing inside lysosomes into the cytosol, in a typical scenario sensors will remain 

trapped inside lysosomes, which suggests sensing in the lysosome as most facile application. 

Besides imposing a hostile environment to particles (lysosomal proteases, highly acidic pH), 

localization inside the lysosome imposes other limits to particle based intra-lysosomal 

sensing. The sensing principle as sketched in Figure 1 relies on the detection of protons, 

which are consumed upon enzymatic digestion of the target molecule OAA. However, all pH-
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sensitive fluorophores have a limited range of operation, centred along their pKa value. While 

the lysosomal pH can be highly acidic down to pH values of 3 (precise values depend on the 

cell line), the pKa value of encapsulated SNARF-1-dextran as used in this study is 6.8. Thus, 

inside lysosome the pH-indicator SNARF-1 would be barely sensitive to small changes in pH 

upon digestion of OAA by malate dehydrogenase. In the data shown in this work the pH of 

the starting solution was buffered on purpose to a value around 6, which sets an optimal range 

for observing increase in pH upon the enzymatic reaction. In order to apply the sensing 

strategy for intra-lysosomal detection of OAA, an alternative pH-indicator with highly acidic 

pKa value would be required. In the Supporting Information thymol blue is presented as an 

example in this direction, though its pKa value (ca. 1.7) would be too low for sensing inside 

the lysosomes. It also needs to be pointed out, that the particle architecture could be 

improved. In our work enzymes and analyte-sensitive fluorophores were co-localized in the 

cavity of polyelectrolyte polymer capsules. However, these capsules in principle also allow 

for a multicompartment-structure, in which enzymes and fluorophores could be placed at 

different locations.
42-47

 Based on these considerations we suggest that further improvements 

could help to facilitate intracellular enzyme-based fluorescence sensing using polymer 

capsules as carrier systems. In addition to intracellular sensing, other potential applications 

which involve enzymatic or enzymatic-coupled reactions could be envisioned, such as 

enzymatic microreactors for chemical analysis (e.g. sensing of glucose, food contaminants, 

etc.), kinetic studies and catalysis. At any rate, it should be highlighted that inhomogeneous 

and/or variable loading of molecules in the capsules, as well as different diffusion limits of 

the molecules involved, hampers the application of the current coupled system for absolute 

detection of concentrations (be it for the proof-of-concept system described here or be it for 

other enzyme-based sensing system). Nevertheless, here the reported proof-of-concept system 

demonstrates the feasibility of real time monitoring of enzymatic reactions (as well as 

kinetics) in situ. Further material’s improvements (e.g. homogeneous loading, development of 

new fluorescence probes, multi-compartmental geometries, etc.) will strengthen the potential 

applications of enzyme-loaded capsules. 
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TOC: Capsules filled with enzymes and fluorescence-probes allows to monitor in situ 

enzymatic activity as well as kinetics on a single particle level. 
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