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a b s t r a c t 

Degradable starch microspheres (DSM) have long been used for topical haemostasis, temporary vascular 

occlusion and as drug delivery systems. When used for the latter, exact degradation rates of DSM have 

high importance, as this ensures a controlled and timed drug delivery. Current methods of analysing 

degradation rates are based on whole batch measurements, which does not yield information regard- 

ing individual times of degradation nor does it provide direct correlation measurements between sphere 

diameter and specific degradation time. 

In this paper we present an alternative method for measuring degradation rates of biodegradable starch 

microspheres using confocal laser scanning microscopy (CLSM). We succeeded in visualizing the degra- 

dation by staining the DSM and then following the spheres over time in a confocal microscope, after the 

addition of α-amylase. 

Individual degradation rates of single spheres could be followed, allowing a precise correlation measure 

between sphere size and degradation time. Furthermore, physical abnormalities such as internal cavities 

were detected within some spheres. These physical differences also had a measurable effect on the rate 

of degradation. Finally, complete degradation rates could be determined very accurately. 

To our knowledge, this is the first paper in which DSM degradation is visualized and measured using 

CLSM. 

Statement of significance 

Using degradable starch microspheres as a drug delivery system, is a continuously evolving field which 

shows promise in several different areas of illnesses. This paper presents a new method which visual- 

izes enzymatic degradation of starch microspheres in real-time using confocal microscopy. The method is 

simple, yet the versatility of it suggests that it could be broadly applied within the field of biodegrada- 

tion. Here, it illuminates a previously uninvestigated parameter: the effect of physical sphere deformities 

on the rate of degradation. It also provides precise correlation measures between initial sphere size and 

time of complete degradation. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Degradable Starch Microspheres (DSM) are manufactured to 

ompletely degrade in the presence of α-amylase, an enzyme 

hich is found in most human fluids, including serum and wound 
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xudate [ 1 , 2 ]. DSM can be manufactured into a variety of sizes,

ifferent degradation rates, volumes of liquids absorbed and more 

3] . Additionally, the spheres can be loaded with a variety of drugs, 

aking them suitable as a drug delivery system, not only for top- 

cal application but also intranasally, intestine-specific and for par- 

nteral delivery [ 4 , 5 ]. DSM are non-toxic and they are a well-

cknowledged vehicle for depot medications, providing sustained 

elease over a controlled period of time [6] . For intranasal drug de- 

ivery, DSM show good mucoadhesive properties and a slow clear- 
c. This is an open access article under the CC BY license 
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nce rate, which increases the bioavailability of the added drug [7] . 

ince the DSM are completely biodegradable, they can be applied 

opically and left until reapplication is needed, with no require- 

ents for cleaning out any leftover product. This significantly re- 

uces the risk for contamination during cleaning, re-applying and 

ressing changes, while also decreasing the workload of the care- 

aker. 

Knowing the individual degradation rates of the spheres allows 

 producer to create specifically tailored drug delivery systems. Ap- 

lying a method where the individual degradation rates are de- 

ermined for a large DSM batch containing a variety of sphere- 

izes grants the option to divide such a large batch of spheres 

nto smaller size ranges, and still know the degradation times of 

very range, without having to perform any additional degrada- 

ion tests. Furthermore, DSM samples could be created with chang- 

ng concentrations of a released drug at specific time points (e.g. 

pheres containing a low drug concentration which could be de- 

raded quickly, mixed with spheres containing a high drug con- 

entration which could be degraded more slowly, would create 

 steady increase of the released drug). DSM depot medications 

ontaining a combination of drugs could also be made, combin- 

ng compounds which works well together sequentially, incorpo- 

ated into quickly and slowly degrading spheres. Knowing the cor- 

elation measure between sphere diameter and degradation rate, 

ould mean that the drugs would be released at very specific time 

oints. Finally, patient specific products of DSM could be designed, 

hich were made to fit the individual patients level of serum α- 

mylase, as this may differ significantly between patients suffering 

ifferent ailments [ 1 , 2 ]. 

The current theory states that the sphere degradation rate is 

roportional to the sphere diameter and the degree of internal 

ross-linking [8] , although it can be hypothesized that the degra- 

ation rate is also affected by the nature of any added active com- 

ound. To a lesser degree, the biological origin of the source mate- 

ial used to create the spheres can also have an effect on its degra-

ation [9] . Being able to measure the degradation rate stringently 

s of high importance, as this affects the release of the drug and 

hereby the duration of the treatment. 

Current methods for determining sphere degradation rates are 

ased on measuring final concentrations of glucose, either using 

he anthrone method [ 10 , 11 ] or by using other carbohydrate en-

ymatic degradation methods [12] , by assessing heat flow dur- 

ng batch microcalorimetry [13] , or by microvolumetric methods, 

here the particle size distributions are followed over time using 

 Coulter counter [4] . All of the above methods are based on in-

irect measurements of the degradation rates and they all calcu- 

ate degradation rates of whole batches of DSM, not the individual 

pheres. These methods can be quite labour intensive, as some of 

hem require manual sampling for every time point included in the 

nalysis. 

We developed a method based on direct visualization of the 

icrospheres as they degraded, using confocal laser scanning mi- 

roscopy (CLSM). The method was tested using three different 

ypes of DSM, which were degraded in normal levels of serum- 

mylase, 140 U/L (normal serum α-amylase range: 40––140 U/L 

2] ). This method has several benefits: it is easy to use, it requires

ittle manual labour, and most importantly, degradation rates can 

e determined for individual spheres, taking into consideration the 

articular size and any physical abnormalities. 

. Materials & method 

.1. Degradable starch microspheres 

Three different types of microspheres were tested (see Table 1 ) 

nd five samples from each batch were analysed. The biodegrad- 
465 
ble microspheres were supplied by Magle Chemoswed AB 

Malmö, Sweden). They were made from hydrolysed potato starch 

hich had been cross-linked. By varying the sizes, the amount 

f cross-linking, the source of the used starch and the degree to 

hich the potato starch had initially been hydrolysed, the degra- 

ation rates of the final products could be altered. Expected batch 

egradation half-lives, as well as the median and max sizes of the 

hree types of microspheres, had already been established using 

n-house methods by the producer. 

.2. A-amylase 

α-Amylase (A6255, Sigma-Aldrich, MO, USA) from porcine pan- 

reas was diluted 100-fold into 20 ml 0.05 M phosphate buffer, 

H 7.0. A small amount of sodium azide was added as a preser- 

ative and the solution was hereafter left at room temperature for 

wo days. The enzymatic activity was measured using the Phade- 

as® Amylase test (Phadebas AB, Kristianstad, Sweden) as de- 

cribed by the producer. For subsequent experiments the enzy- 

atic activity was adjusted in phosphate buffer to 280 U/L. The en- 

ymatic unit for amylase activity used here is based on the recom- 

endations of The International Union of Biochemistry and Molec- 

lar Biology and is defined as the amount of enzyme catalysing the 

ydrolysis of 1 μmol glucosidic linkage per minute at 37 °C [14] . 

.3. Staining & loading 

Safranin O (S8884, Sigma-Aldrich, MO, USA) was used to stain 

he DSM. Safranin O fluoresces brightly red when bound to starch, 

as excitation/emission max values at 520/585 and has been used 

reviously for observing starch granules in plants and food items 

15] . A safranin O solution was prepared in Milli-Q water of 

 mg/mL. The DSM were prepared as hydrogels 24 h before use 

y mixing dry DSM spheres with distilled water in a ratio of 1 

g:10 μl and stirring until the mixture became a homogenous gel. 

amples of approximately 200 mg gel were weighed in Eppen- 

orf tubes and subsequently stained in a 1:1 ratio with Safranin O 

1 mg hydrogel + 1 μl Safranin O) and left in the dark for 1 h.

ereafter, a small washing step was performed, where 1 mL Milli- 

 water was added to each tube and vortexed. The tubes were 

entrifuged for 30 sat 10 0 0 G and 1 mL supernatant was then 

emoved. The stained samples were then diluted either 10-fold or 

0-fold in Milli-Q water. 200 μl of the stained hydrogel samples 

ere loaded into each well of an Ibidi 8 well μ-slide with glass 

ottom and coverslip (Ibidi GmbH, Martinsried, Germany). 

Inserts were crafted from silicone to fit inside every chamber 

f the Ibidi 8 well μ-slide. Each silicone insert had a small hole 

unched into it of either 1.4 mm or 2.4 mm diameter (see Fig. 1 ).

he inserts reduced the surface area in which the spheres could 

ove around, so all were kept within the field of view at all times. 

.4. Microscopy 

The samples were visualized in a Zeiss LSM 880 inverted con- 

ocal microscope (Carl Zeiss, Jena, Germany) using the 10X objec- 

ive and with the incubator set to 37 °C. Before starting the exper- 

ment, the samples were left in the incubator to warm up for 30 

inutes together with an aliquot of α-amylase in a separate tube. 

fter temperature equilibration, 200 μl α-amylase 280 U/L, was 

dded to the sample, resulting in a final α-amylase enzyme con- 

entration of 140 U/L and after exactly 2 minutes the experiment 

as started and the first image was taken. Control experiments 

ere run where 200 μl NaCl 0.9% was added instead of α-amylase. 

hese control experiments confirmed that no decrease in size oc- 

urred when α-amylase was not added (data not shown). Safranin 

 was excited using a DPSS laser at 561 nm (0.700 % power) and 
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Table 1 

DSM samples and their initial sizes and expected degradation values. these data were received 

from the producer of the spheres. 

DSM samples: Median and max sizes (dia.) Expected half-life (and full degradation) 

DSM1 d(50) = 100 μm, max < 400 μm t ½ = 25 min (70 min) 

DSM2 d(50) = 336 μm, max < 831 μm t ½ = 218 min (18 h) 

DSM3 d(50) = 433 μm, max < 955 μm t ½ = 276 min (23 h) 

Fig. 1. Inserts crafted from thin sheets of silicone, made to fit accurately into an Ibidi 8 well μ-slide. On the far right is an insert with a hole of 1.4 mm, viewed through a 

10X objective. 
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Fig. 2. Top left shows a raw CLSM image of a DSM1 sample inside the silicone 

insert. Top right shows the same image but with surfaces added using the IMARIS 

software. On the bottom four images each sphere has received a unique label which 

consists of a number and a colour, which makes them easier to follow as they move 

and degrade. The surfaces of the silicone insert have been removed for visual clarity. 

The labelled spheres are here seen at time = 0, time = 26.10 min, time = 52.18 

min and time = 79.27 min. This process has been recorded and can be viewed on 

video. 

s

w
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m

he emission was measured at 570-620 nm using a GaAsp detec- 

or. Laser gain and intensity were kept constant for all samples. The 

PMT detector was turned on, for recording transmitted light, and 

he microscope was programmed to take z-stack images covering 

5% of the spheres for each sample. Images were taken at regular 

ime intervals (1/30/45 min) covering the expected full degrada- 

ion time for each sample. For DSM1 images were taken over 81 

inutes, for DSM2 images were taken over 22.5 hand for DSM3 

mages were taken over 25.5 h. A tile scan function was used for 

he DSM2 and DSM3 samples, to cover the whole surface area in- 

ide the silicone insert. Please see the supplementary material for 

he specific microscope settings used for each sphere type. 

.5. Confocal image processing 

All processing of images was done using IMARIS version 9.2 

nd 9.5 (Bitplane AG, Zürich, Switzerland). Sphere volumes, as well 

s values for ellipsoid axis length C, were obtained using the sur- 

ace function with constant parameters of surface smoothing and 

hreshold values for each sample type. See the supplementary ma- 

erial for a detailed description regarding parameter settings of 

he software. Ellipsoid axis length C was used as an estimate for 

he sphere radius at its largest point, as has been done by others 

 16 , 17 ]. This measurement was only obtained for t = 0, where all

SM were assumed to be spherical. Each sphere was individually 

abelled with a number and a corresponding colour, and followed 

or every subsequent time-point until it was fully degraded (see 

ig. 2 ). Spheres with an abnormal physical appearance (i.e. cavities 

ith or without smaller internal spheres) and spheres with abnor- 

al physical degradation (i.e. breaking in half) were noted as “ab- 

ormal” and photo-documented (see supplementary material). The 

bnormal spheres were included in all subsequent analyses. How- 

ver, spheres which were visually damaged at t = 0 and spheres 

hich did not degrade within the field-of-view in the allotted time 

ere excluded in all analyses. 

For smaller spheres the effect of photobleaching played a large 

ole. To correct for photobleaching in all DSM1 samples, the 

cript ”Normalize TimePoints Function for Imaris 7.3.0”(Bitplane 

G, Zürich, Switzerland) was modified using MATLAB (Mathworks, 

atick, MA, USA) to rescale the temporal fluorescence intensity 

eans and variances over time according to t = 0. The mean and 

ariance of the fluorescence intensity at t = 0 was measured, and 

mages at the subsequent time points were adjusted accordingly. 

ach dataset was anchored in the beginning, by keeping a con- 
466 
tant laser/gain intensity, and at the point of complete degradation, 

hich was controlled by observing the TPMT images. To correct for 

iffering amounts of background noise, the average intensity was 

easured at t = 0 for a 50 × 50 μm square of “blank space”
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Fig. 3. Histograms of log-values. Frequency of sphere-sizes in the three different batch types are shown, with indication for the observed log-median values, as well as the 

expected log-median values obtained from the producer of the spheres. Both normal and abnormal spheres are included. 
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n each sample. The intensities were recorded and subsequently all 

mages were adjusted to the lowest recorded background value. Af- 

er this, the sphere surfaces could be created and calculated using 

dentical parameters for each of the three sphere types. 

.6. Statistical analysis 

All data obtained was subsequently analysed using MS Ex- 

el 2016 (Microsoft, Redmond, WA, USA) and GraphPad Prism 8 

Graphpad Software, CA, USA). Data was tested for log-normality 

y using D’Agostino-Pearson normality test. A value above 0.05 

eemed the data log-normally distributed. Simple linear regres- 

ion was performed to describe the relationship between initial 

phere diameter and the time it took to degrade completely. The 

lope of the line is reported together with a 95% confidence in- 

erval. The correlation was tested using either Pearson’s rank for 

ormal data or Spearman’s rank for nonparametric data, using a 

wo-tailed test. r and p values are reported with asterisks marking 

he following significance: p < 0.05 = 

∗, p < 0.01 = 

∗∗, p < 0.001 = 

∗∗∗,

 < 0.0 0 01 = 

∗∗∗∗. Multiple linear regression was performed to test 

f the degradation time was dependent on the presence of physical 

bnormalities in the spheres. It was performed using least squares 

egression and |t| and p values are reported. 

. Results 

.1. Sample distribution 

For each of the three types of spheres five samples were anal- 

sed, which resulted in the following total sphere numbers: For 

SM1 n = 345, for DSM2 n = 83 and for DSM3 n = 74. The parti-

le size distribution of the three different types seemed to follow a 

og-normal distribution (see Fig. 3 ), however it was only DSM2 and 
467 
SM3 which tested significantly log-normal using the D’Agostino- 

earson normality test. Compared to the median size-values re- 

eived from the producer of the spheres, the median values ob- 

ained using the new method here were lower than expected. For 

SM1 the expected median value was 100 μm, whereas the ob- 

erved median value was 57 μm. For DSM2 the expected median 

alue was 336 μm, whereas the observed median value was 225 

m. For DSM3 the expected median value was 433 μm, whereas 

he observed median value was 331 μm. 

Due to the criterion of only including spheres which were com- 

letely degraded within the allotted time, seven spheres were ex- 

luded from all data analysis (from DSM1: 4, from DSM2: 2, from 

SM3: 1). These spheres were too large to completely degrade 

ithin the run-time of the experiments. 

.2. Relationship between sphere diameter and degradation time 

Time of degradation was linearly dependent on initial sphere 

iameter. The correlation was tested using Spearman’s rank test 

or DSM1 and Pearson’s rank test for DSM2 and DSM3. Using the 

quation of the linear correlation, exact degradation times could 

e calculated for every specific sphere diameter. This also meant 

hat complete degradation times could be estimated based off the 

argest sphere-sizes expected (see Fig. 4 ). DSM1 spheres were ex- 

ected to be max 400 μm in diameter, which meant the complete 

egradation time was expected to be 205 min. The largest spheres 

f the DSM2 batch were expected to be 831 μm and a complete 

egradation time could therefore be estimated to be a little more 

han 28 h. Finally for DSM3, the largest spheres were expected to 

e 955 μm resulting in an estimated complete degradation time 

f 32.5 h. All of the complete degradation time-estimates were 

arger than the expected times provided by the producer (seen in 

able 1 ). 
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Fig. 4. Linear regression with linear correlation statistics and 95% confidence intervals. Sphere diameters were correlated with time of degradation. The correlations were 

tested using either Spearman’s or Pearson’s rank test. Equations of the lines are shown together with calculated results of the predicted complete degradation based of the 

expected sizes of the largest spheres for each batch. Both normal and abnormal spheres are included. 
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.3. Physical abnormalities lead to faster degradation 

Physical abnormalities were observed within the spheres (see 

ig. 6 ). The most commonly occurring abnormality was the pres- 

nce of internal cavities, which occasionally had smaller spheres 

nside. Other spheres presented with abnormal physical degra- 

ation, most often by breaking in half. For DSM1, 13 abnormal 

pheres were detected, resulting in 13/345 = 3.7% abnormal 

pheres. For DSM2, 12 abnormal spheres were detected, result- 

ng in 12/83 = 14.5 % abnormal spheres. For DSM3, 8 abnor- 

al spheres were detected, resulting in 8/74 = 10.8 % abnormal 

pheres. Multiple linear regression (MLR) analysis was performed 

fter dividing each sphere type into normal and abnormal spheres 

see Fig. 5 ). Results from the MLR showed that the marked abnor- 

al spheres degraded significantly faster than the non-abnormal 

nes for all three DSM types. 

.4. Reduction in total sphere volume over time 

The half-life (T ½), the time it took for half the volume of the

nitial total sample to disappear was determined by plotting total 

olume of all spheres against the time (see Fig. 7 ). T ½ was calcu-

ated by finding the corresponding time to half the initial volume. 

or DSM1, T ½ = 25 min, for DSM2 T ½ = 129 min and for DSM3

 ½ = 232 min. 

The observed T ½ for DSM2 and DSM3 were smaller than the 

xpected T ½ provided by the producer, which were 218 min and 

76 min respectively. T ½ for DSM1 was equivalent to the value 

rovided by the producer. 
468 
. Discussion and conclusion 

In this paper we have presented a new method for determin- 

ng exact degradation times of biodegradable starch microspheres. 

hese degradation times could be measured very precisely for each 

ndividual sphere diameter. Moreover, physical abnormalities were 

dentified within the spheres and their role in the degradation time 

as elucidated, something which has not been done previously. 

hese qualities are both aspects which have not been measured 

reviously due to the limitations of the current methods available. 

.1. Strengths 

A strong linear correlation between sphere diameter and degra- 

ation time was observed for all samples of DSM. The equations 

rom the linear regressions could be used to calculate predicted 

egradation times for any sphere, including the largest sphere sizes 

xpected to be found. Although, as was also shown in this paper, 

he degradation times changed not only with varying sphere diam- 

ter sizes, but also on physical irregularities such as internal cavi- 

ies, small internal cracks and abnormal ways of degrading. 

Abnormal physical structures of DSM are something which have 

ot been previously discussed; perhaps because their existence in 

SM has been mostly unknown, or perhaps because their role has 

een deemed insignificant. We have shown that physical abnor- 

alities do play a significant role in degradation time. We expect 

his observation to be closely linked to changes in exposed sur- 

ace areas. As the surface area of a DSM is increased, either by 

ossessing large internal cavities or by breaking in two, the area 

n which the amylase can react upon is likewise increased. More- 

ver, it will also play a part when examining the ways in which 
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Fig. 5. Multiple linear regressions dividing each type of sphere into physically normal and abnormal spheres. The statistical test was performed using least squares regression 

and the test statistics for each batch is shown. 

Fig. 6. Examples of noted spheres with abnormal physical appearance or degra- 

dation. On the left is a DSM2 sample with added surfaces at time = 90 min. The 

marked spheres shows internal cavities (sphere 9_23), internal cavities with smaller 

spheres (sphere 9_4 and sphere 9_18) or degradation by breaking in half (sphere 

9_19). On the right is a raw CLSM image from a DSM3 sample at time = 0. Sphere 

1_2 shows a large internal cavity and sphere 1_19 shows a smaller internal cavity 

with an internal crack. These abnormalities could not be seen when viewing the 

spheres from the outside. 
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he microspheres are degraded - a topic which has been discussed 

reviously [4] . This quality is of particular interest when DSM are 

sed for microembolization. Whether the majority of the spheres 

egrade by surface erosion, or potentially, if the majority degrade 

y breaking in two, this will have a large impact on their abil- 

ty, and duration, in which they can adequately act as an embolic 
469 
gent. Furthermore, we expect the internal cavities to also play a 

ole on the drug amount which could potentially be loaded into 

he spheres. Screening newly produced sphere samples in a con- 

ocal microscope using safranin O as stain would provide a fast 

ay to determine the amount of physical abnormalities present in 

 batch. 

The silicone inserts used in this method were created to mini- 

ize the surface area on which the spheres could move. We be- 

ieve that the combination of kinetic energy created due to the 

nzymatic reaction, together with a slight evaporation, caused the 

pheres to move in and out of the field of view of the micro- 

cope. This made tracking of the spheres impossible, hence why 

e created the inserts to act as small cages, containing the spheres 

ithin the field of view at all times. 

For all current methods, degradation rates are given as T ½ and 

omplete degradation of whole batches. Due to the limitations of 

he methods, these have been the only parameters readily avail- 

ble. Yet, the importance of T ½ can be argued, as this factor is 

atch specific. The half-life parameter is applicable when it can 

e assured that every individual sample taken from a batch has 

he same particle size distribution as the original batch. In this 

ase, regardless of the number of spheres in a sample, the half- 

ife should stay the same. However, if a batch was to be filtered 

o exclude all larger spheres above a certain size limit, T ½ would 

hange. Furthermore, if only a small sample was collected from a 
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Fig. 7. Determinations of half-life (T ½). Total sphere volume was plotted against the time of degradation. T ½ was defined as the time at which the initial total volume had 

been halved. Both normal and abnormal spheres are included. 
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atch, T ½ could be significantly different than that of the whole 

atch, depending on the sphere distribution of the collected sam- 

le. T ½ observed for DSM2 and DSM3 were smaller than the ex- 

ected T ½ provided by the producer. This was however not sur- 

rising, as the median sample values were smaller as well. Sur- 

risingly, T ½ of DSM1 was exactly the same as expected by the 

roducer, even though the observed median was smaller than the 

xpected median. 

While T ½ changes with particle size distribution, the degrada- 

ion times seen in Fig. 4 showed a clear linear correlation to the 

ndividual sphere diameter, taking into consideration any physical 

bnormalities. Having the specific degradation time for each sphere 

ize, allows for a more precise calculation of sample degradation 

imes, hence why we argue this method is superior. Addition- 

lly, when knowing the specific degradation times, several types 

f combination products could be created. Such products could re- 

ease specific drugs, or specific concentrations of drugs at certain 

imes, creating a perfectly orchestrated treatment in a single dose 

f depot medication. These products could also be adjusted to fit 

ach individual patient’s level of serum amylase. Lastly, complete 

egradation times calculated using current methods might under- 

stimate the actual time it takes for the largest spheres to degrade, 

s indicated in this paper. 

.2. Limitations 

The main limitation of this new method was the size-bias ob- 

erved, which seems to favour smaller spheres. This was seen 

hen the observed median batch values were compared with the 

xpected median batch values provided by the producer. For all 

hree sphere types, the observed median was smaller than the ex- 

ected median. Only spheres which completely degraded within 

he allocated time were included in any analysis. Larger spheres 

ere observed in some samples, but as they did not degrade 

ithin the allotted time, they were excluded. Had they been in- 
470 
luded in the frequency distributions, the log-median diameter 

ould inevitably have been pushed to the right. This may have 

artially contributed to the bias observed in the present model. In 

he future, the time allotted for each experiment could easily be 

ncreased to include the degradation time of larger spheres. 

Current methods measure numerous spheres all at once, result- 

ng in faster analysis time of much larger sample-sizes. This would 

robably lead to obtained half-lives which could be reproduced 

ore easily, as the sphere distribution of the samples would cor- 

espond better to the original batches. We believe that the limited 

ample-sizes for the larger spheres (n = 83 for DSM2 and n = 74 

or DSM3) is the main reason why the observed T ½ values do not 

esemble the expected T ½ values provided by the producer. 

Finally, using confocal microscopy always involves certain limi- 

ations, which need to be considered, such as a change in fluores- 

ence over large distances as well as potential photobleaching oc- 

urring. Here, to counterweight the photobleaching, which played 

 significant role for the smaller spheres in the DSM1 samples, we 

ewrote parts of an already existing script. Yet, photobleaching is a 

ommon issue, and several techniques have already been published 

o manage 

.3. Conclusion and perspectives 

In conclusion, we have developed a simple, yet versatile method 

o measure individual DSM degradation over time. Its utilization 

as accurately uncovered the relationship between sphere diame- 

er and degradation rates, as well as the impact of internal phys- 

cal abnormalities. With only a few adaptations, we can envision 

 large relevancy within the field of biodegradation. Furthermore, 

y adding other molecules to the incubation chambers, the enzy- 

atic degradation could be investigated in more complex environ- 

ents, for example in the presence of suspected inhibitor com- 

ounds or similar. Various surface modifications have already been 

ade to DSM [18] and their impact and interaction with environ- 
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ental compounds may also affect the degradation rates. Perform- 

ng degradation studies in environments resembling wound fluid, 

ucus layers or the acidic milieu of the stomach, would be of great 

nterest when investigating the functionality of DSM inside the hu- 

an body. As DSM are also used as haemostatic agents [18] , their 

egradation in small flow-tubes could also be visualised. All of this 

ould potentially be investigated using this method. Finally, the lo- 

ations of loaded active compounds have already been visualised 

sing FITC-labelled proteins [19]. The use of fluorescently labelled 

rugs in combination with this method, could also shed a light on 

he active drug release, and on the specific relationship between 

rug release and sphere degradation. 
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