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omChalmers Te
hni
al UniversityIntrodu
tionNanoparti
les dispersed in biologi
al �uids are rapidly 
overed by a tightly boundlayer of proteins (and other biomole
ules) � the 'protein 
orona' [2℄. The natureand 
omposition of the protein 
orona is dependent on nanoparti
le 
hara
teristi
s(su
h as material, size, 
harge et
.) in ways that are 
urrently being explored. Inparti
ular, 
arboxylated and amine-modi�ed polystyrene nanoparti
les (PS-NPs)of the same size, while based on the same polymer, exhibit di�erent protein 
oronas[3℄. Interestingly, these two types of nanoparti
les also indu
e vastly di�erentbehavior on
e internalized by 
ells: The 
arboxylated PS-NPs do not a�e
t the
ell [4, 1℄, while the amine-modi�ed PS-NPs indu
e 
ell death [5, 1℄, suggesting arole of the protein 
orona (and/or its intra
ellular evolution) in the response.Within the host group, a theoreti
al framework has previously been developedfor des
ribing the behavior of nanopari
les (NPs) inside the 
ell, as well as theirperturbations on organelles (e.g. mito
hondria). The response of mito
hondriais parti
ular intriguing, as the mito
hondria have been shown to be involved inthe 
ell death that takes pla
e due to the presen
e of the amine-modi�ed PS-NPs[1, 5℄.With this ba
kground, the goal of the 
urrent proje
t was to des
ribe mito-
hondria from a statisti
al point of view, in order to fa
ilitate an assessment of thekineti
s involved. Ultimately, knowing the kineti
s 
ould aid the understanding1
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of how the response of the two types of PS-NPs (the two types of protein 
oro-nas) 
ome about. The proposed des
ription of the mito
hondria is based on theframework developed within the group whi
h looks at the spatial 
orrelation ofdistan
es between mito
hondria. The di�eren
e between the original method andthe method developed here is that mito
hondria are de�ned pixel-based ratherthan obje
t-based. To identify mito
hondria, the image is segmented, divided intomito
hondria and non-mito
hondria pixels, semi-automati
ally.The results, using the pixel-based approa
h, are supportive of the results froman obje
t-based method, although it is 
omputationally mu
h more expensive.MethodsImages: Images from 
ells from the A549 
an
er 
ell line have been obtainedusing spinning disk 
onfo
al mi
ros
opy. This way stained organelles (e.g. mito-
hondria) and �uores
ent nanoparti
les (NPs) 
an be visualized and lo
ated. Itis even possible to follow the uptake and the responses of the organelles to theNPs as a fun
tion of time. This results in 3-dimensional images over several timeframes.Segmentation of mito
hondria: The goal in the pixel-based approa
h toquantify 
ell behavior is to fo
us only on one type of organelle, in this proje
tmito
hondria. The most straight forward approa
h is to divide the image intomito
hondria and non-mito
hondria pixels. This segmentation is done best in twosteps, the �rst being the manual identi�
ation of the 
ell and the se
ond the iden-ti�
ation of the mito
hondria via thresholding. Simply thresholding the 
ompleteimage is not su�
ient due to di�erent intensity values of the 
ell, mito
hondriaand non-
ell in di�erent time frames and z-planes. It would result in either missingmost mito
hondria or in
luding non-mito
hondria and spe
i�
ally non-
ell partsin the analysis.After segmentation of the mito
hondria, the in
luded area is smoothed to geta more realisti
 view. All pixels whi
h fall into the segmented areas are 
onsideredin the further analysis. Examples of the identi�
ation of the 
ell 
an be seen inFigure 1 and an example of the segmentation of the mito
hondria in Figure 2.The segmentation of mito
hondria is done a

ording to the following algorithm:2



1. Segmentation of 
elli) Average image over all frames to redu
e �u
tuations in intensity valuesallowing for better identi�
ation of the 
ellii) De�ne polygon around the 
elliii) Allow for a margin of error2. Segmentation of mito
hondriai) Threshold ea
h z-plane individually to in
lude all mito
hondriaii) Filling of holes of thresholded imagesiii) Closing of thresholded imagesiv) Opening of thresholded imagesSpatial 
orrelation of distan
es: The spatial 
orrelation or pair 
orrelationfun
tion requires to 
ompute all pairwise distan
es of mito
hondria pixels. Thisresults in large amounts of distan
es and of required 
omputer memory, thereforethe distan
es 
ould not all be stored. Hen
e, the distan
es were in
luded in ahistogram with very small bin size (0.05µm), resulting in dist. The bin edges 
anbe 
onsidered as di�erent radii r for further 
al
ulations. From this histogram thenormalized distribution of distan
es dist
n

an be 
omputed.

dist
n
(r) =

dist(r)
∑

dist
(1)From Equation 1 the pair 
orrelation fun
tion g(r) (Equation 2) is 
al
ulated.

g(r) =
dist

n
(r)

4πr2dr
, (2)where r is the radius of the sphere around the target mito
hondria pixel and drthe bin size of the histogram.ResultsSegmentation of 
ells: The outline of the 
ell is de�ned manually as a polygon.In the images in Figure 1, whi
h are averaged over the third dimension (z-planes),3



the 
ell sets itself apart ni
ely from the rest of the image. The solid bla
k linerepresents the polygon and the dashed line represents a margin of error whi
h isin
luded in the subsequent analysis.
(a) 20 min (b) 45 min (
) 120 min (d) 180 minFigure 1: Segmentation of the 
ell is done by �tting of a polygon around the 
ell(solid line) and allowing for a margin of error (dashed line). (a)-(d) show di�erenttime points in the analysis of the same 
ell.

(a) After polygon �tting (b) After thresholding (
) After pro
essingFigure 2: Thresholding of mito
hondria in the same 
ell as in Fig. 1. (a) showsonly the segmented 
ell. (b) shows the thresholded image. (
) shows the image aftersmoothing. The pixels from (
) are used in further analysis as mito
hondria.Thresholding of mito
hondria: An example of the thresholding 
an be viewedin Figure 2. For ea
h 
ell the threshold has been determined manually for ea
hz-plane. Thresholds range from 200 − 800 as intensity value 
ut-o�s. Applyingonly the simple threshold would result in Figure 2(b). Sin
e it is obvious that4



mito
hondria should be more 
onne
ted and smoother than in Figure 2(b) thepreviously des
ribed pro
essing is applied resulting in Figure 2(
).Pixel-based average density 
orrelation

(a) Cell 1 (b) Cell 2Obje
t-based average density 
orrelation

(
) Cell 1 (d) Cell 2Figure 3: Normalized 
ounts of pairwise distan
es for two di�erent 
ells at di�erenttime points. (a) and (b) show results for the pixel-based approa
h and (
) and (d)for the obje
t-based approa
h. (a) and (
) are the same 
ell as well as (b) and (d).Spatial 
orrelation of distan
es: Computing the spatial 
orrelation of themito
hondria is 
omputationally very expensive. After segmentation of the mi-to
hondria there are roughly 24, 000− 50, 000 pixels in ea
h frame whi
h are mi-to
hondria. That 
orresponds to roughly 300, 000, 000 − 1, 000, 000, 000 pairwise5



distan
es whi
h need to be 
omputed. For ea
h frame it takes about a day to sortthe distan
es into a histogram whi
h makes a total of about two to three weeks to
omplete the analysis of the whole image.Figure 3 shows the normalized distribution of distan
es in two di�erent 
ellsobtained with both the pixel-based approa
h (Fig. 3(a) and 3(b)) and the obje
t-based approa
h (Fig. 3(
) and 3(d)). It 
an be seen that the results are supportiveof ea
h other sin
e not only the behavior of the graphs is the same but also thes
ale is almost the same.Figure 4 shows g(r), the pair 
orrelation fun
tion of distan
es. It shows thatmost pixels are within 1µm from one another. It is interesting to note that inFigure 4(b) the s
ale for the di�erent time points is nearly the same for the peakand even better aferwards.

(a) Cell 1 (b) Cell 2Figure 4: Pair 
orrelation fun
tion, g(r), for two di�erent 
ells at di�erent timepoints.Figure 5 gives an impression of the a

ura
y of the average over frames. Thegraphs on the left show how mu
h the average di�ers from one single frame and theright graph shows the development of the average for three di�erent bins as moreand more frames are taken into a

ount for 
omputing the average. 23 frames were
onsidered in the analysis but as seen in the left graphs the average is stable afteraround 10-15 frames as the graphs are well inside a 5% margin.6



Con
lusionMito
hondria have been su

essfully identi�ed with the des
ribed two step seg-mentation pro
ess. The pixel-based approa
h to the analysis of organelles is inprin
iple more 
orre
t, and, indeed, shows superior results 
ompared to the obje
t-based method, as seen in Figure 3. However, there is a large 
omputational 
ostasso
iated with the pixel-based method. As the obje
t-based method gives simi-lar results (apart from the larger �u
tuations), whi
h method to use should in thefuture be 
hosen based on a 
ompromise between 
omputational 
ost and pre
ision.Regardless, the appropriateness and limits of the obje
t-based method has beenproperly assessed. With this ba
kground, it is now possible to �nd a detailed viewof the e�e
t of nanoparti
les on mito
hondria. In parti
ular, the results 
an beused as a �rm theoreti
al basis to des
ribe the e�e
ts on the 
ell (or la
k thereof)by the amine-modi�ed and 
arboxylated PS-NPs, ultimately 
orrelating this withtheir di�erent protein 
oronas (and/or its intra
ellular evolution).Referen
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(a) 20 mins

(b) 45 minsFigure 5: Frame averaged results are reliable within a 5% margin (dotted lines at1.05 and 0.95) as seen in the right graph. It shows how the average 
hanges for threedi�erent bins when more frames are added into the average. The left graphs showhow the average is di�erent with respe
t to one single frame. The images are allfrom same 
ell as in Fig. 3(b) and for two di�erent time points, (a) 20 mins and (b)45 mins.
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