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1. Size distribution

Figure S1. Size distributions of a) the fibers and b) microspheres embedded in fibers and aqueous suspension, 
respectively.

2. UV-vis spectrophotometry

Figure S2. UV-vis calibration curves for pyrene in methanol (●, ε = 0.45 L mg-1cm-1), 3:1 ethanol:6 wt.% (aq.) 
Brij L23 (⧫, ε = 0.47 L mg-1cm-1) and 6 wt.% (aq.) Brij L23 (■, ε = 0.28 L mg-1cm-1).
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3. Modelling of pyrene diffusion
The modelling of the diffusional release of pyrene was modelled with the diffusion equations 
described by Crank.1 From fibers with bulk impregnated pyrene, the release can be modelled 
by diffusion from a cylinder with a homogeneous distribution of pyrene. This can be applied 
to fibers containing microspheres as well, however, this results in an apparent diffusivity across 
the entire fiber cross-section rather than an effective diffusion coefficient. Similar to a sphere, 
release from a cylinder can be described by

fc(a,t) =
αc

1 + αc(1 -
∞

∑
n = 1

4αc(1 + αc)
4 + 4αc + α2

cq
2

c,n

exp ( -
Dqc,nt

a2 )) (S1)

where a is the fiber radius, and αc is defined as

αc =
Vsink

VcylK
. (S2)

The coefficient qc,n is defined as the n:th non-zero positive root of 

αcqc,nJ0(qc,n) + 2J1(qc,n) = 0 (S3)

where J0 and J1 are the Bessel functions of the first kind of order 0 and 1 respectively. Since 
the fibers also are polydisperse, the final fractional release is given by

mt

mtot
=
∫fc(a,t)p(a)a2 da

∫p(a)a2 da
. (S4)

The final geometry is that when pyrene was impregnated on the fiber surface. In this case, two 
contributions were seen in the release. Partly there was a rapid burst release, and partly a release 
from a distance L of the average fiber cross-section into which the pyrene had dissolved during 
the impregnation. The kinetics of the burst was assumed to follow zero-order kinetics. These 
two contributions can be expressed as

mt

mtot
= {pbkbt + (1 - pb)fw(L,t) t < tb

pbkbtb + (1 - pb)fw(L,t) t > tb� (S5)

where pb is the burst fraction, kb is the rate constant for the burst release and tb is the time during 
which the burst release occurs. The diffusional contribution fp(L,t) was taken as diffusion from 
a plane sheet,

fp(L,t) = 1 -
∞

∑
n = 0

8

(2n + 1)2π2
exp ( -

D(2n + 1)2π2t

4L2 ). (S6)

Individual fits of the diffusion models to each data set are presented in Figure S3.
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Figure S3. Fractional release from fibers with pyrene loaded by surface impregnation (▷▶︎), bulk impregnation 
(□■), and microencapsulation (◊⧫). Release from microspheres in aqueous suspension (○●) is shown as a 
comparison. Lines represent individual fits of the diffusion equations to each replicate. Solid lines are based on a 
spherical geometry, and dashed lines are based on a cylindrical geometry.

The specific effect of the microcapsule in terms of barrier properties can be determined by 
using simplified models2. It is important to note here that the models are not intended to predict 
precise quantities, only the magnitudes of the parameters. These simplifications include steady-
state, the reduction to planar geometry (which however is appropriate for sufficiently thin 
sections at the surface of the microsphere), perfect sink conditions, and a linearization of the 
concentration gradient in the barrier compartments. The parameters included in the model are 
defined within a finite fiber segment as visualized in Figure S4.
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Figure S4. Schematic representation of a fiber segment (index F) containing microspheres (index M) with the 
parameters used in subsequent models included. 
 
The release rate ( ) can then be expressed asṁ

ṁ =
AiDi(c0

i - c1
i)

δi
(S7)
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AF = δFL (S9)
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(S10)

where the indices M denotes the microsphere, F denotes the fiber, and W denotes the aqueous 
continuous phase. Ai is the surface area for each phase with corresponding diffusion coefficient 
(Di) and volume (Vi). Finally, Ki/j is the partition coefficient for pyrene between the two phases. 
At steady state, this leads to 

ṁ = cMc 0
M

δF
2L

δM

1

( δM
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 +  
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 +  
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⏟
≈ 0 ) (S11)

The contribution from the diffusive layer in the aqueous phase can be neglected since we can 
assume that δW is very small and DW very high.

By defining

ṁ =
cMc 0

MAF

δF
Dapp (S12)

and combining Equation (S11) and (S12), the apparent diffusion coefficient Dapp can be 
expressed as

Dapp =
δF

δM
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(
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⏟
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+
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KF MDF
⏟
RF ) (S13)
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Here, the denominator can be identified as the resistance Ri towards diffusion. The ratio δF/δM 
is a consequence of the higher total surface area for the microspheres, which for a given cM 
increases the release rate as the microsphere radii δM decreases. DM and DF are the diffusivities 
of pyrene within each layer, taken from the fitted values in Figure 5 in the article. The partition 
coefficient KF/M was taken as KF/M = 0.1 based on the difference in fluorescence intensity 
between microcapsule and fiber matrix, respectively, in the confocal micrograph in Figure 2b. 
A magnification of the confocal micrograph along with an intensity profile across the particle 
is shown in Figure S5. It should be noted here that part of the fluorescence intensity from the 
cellulose is due to its autofluorescence, and not necessarily only pyrene. Consequently, the true 
partition coefficient may be smaller than estimated from micrographs. 

Figure S5. a) Confocal micrograph of a microcapsule embedded in a cellulose fiber. b) Intensity profile along the 
red dashed line shown in a). 

Using the parameters described above, an apparent diffusivity for the composite material of 
 m2s-1 was found. This was in excellent agreement with the fitted apparent Dapp =  3 ⋅ 10 - 16

diffusion coefficient from the solution to the diffusion equation on a cylindrical geometry in 
Equation S1-S4, see Figure 5 in the article. Moreover, by setting RM=RF, it could be determined 
that the microspheres start to dominate the release already at a critical size  of 30 nm. Note δ  c

M

that Equation (S13) is not valid for very small δM where the area differs considerably between 
the microspheres and the fiber. Instead, for visualizing the effect of Ri on Dapp, the areas 
between all phases can be taken as constant and equal. In this case, Equation (S13) is reduced 
to 

Dapp =
δM + δF

δM

DM
+

δF

KF/MDF

,
(S14)

which is shown graphically in Figure S6.
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Figure S6. Apparent pyrene diffusivity Dapp in a composite cellulose fiber containing microspheres of size δM, 

with the critical microsphere size ( ) marked by a dashed line.δ  c
M

4. Release measurements

Figure S7. Photograph of a small section of the prepared nonwoven materials. The inset shows a micrograph with 
a magnification of the fiber structure. 

Figure S8. Micrographs of PLGA microcapsules imaged a) immediately after formulation as well as after b) 
150 h and c) 500 h in aqueous release medium. The scale bar is valid for all subfigures
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In Figure S8, the time-resolved morphological changes of the microcapsules upon hydrolytic 
degradation are shown. As can be seen, the degradation results in the formation of multiple 
cavities which after longer times results in a very thin membrane surrounding a large aqueous 
core. The fact that the cores are aqueous-based can be determined by their transparency (see 
Figure S8c) and a similar appearance as the background (the same refractive index). 
Eventually, the entire suspension is rendered completely transparent. None of these changes 
are clearly visible by inspection of the fiber material containing microcapsules. Confocal 
microscopy can however reveal that fiber material is in principle void of any active and only 
the autofluorescence of the cellulose remains (see Figure S9). Note that the microcapsules are 
hardly discernable in Figure S9. It is worth noting here that the degradation in the fiber material 
is slower than the corresponding degradation in the aqueous suspension, likely due to the 
significantly lower exposure to water inside the cellulose matrix. 

Figure S9. Orthogonal projections of confocal micrographs taken on the microcapsule-loaded material after 2500 
hours in the release medium.
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5. Cytotoxicity

Table S1. Measured and average absorption of the six replicates of the nonwoven, positive and negative control.
Absorption (570-650 
nm)

Average Standard 
deviation

0.691 0.680 0.692Microsphere-containing 
nonwoven

0.700 0.687 0.686

0.689 0.007

0.007 0.008 0.009Positive control

0.006 0.005 0.008

0.007 0.002

0.651 0.660 0.667Negative control

0.689 0.700 0.702

0.678 0.022

Table S2. Obtained viabilities and cytotoxicity grading as calculated according to ISO10993-5:2009 from the 
data in Table S1.

Viability [%] Average Standard 
deviation

Cytotoxicity 
grading

100.7 99.1 100.8Microsphere-containing 
nonwoven

102.0 100.2 100.0

100.5 1.0 Not cytotoxic

1.0 1.1 1.4Positive control

0.9 0.7 1.2

1.0 0.2 Cytotoxic

94.8 96.2 97.2Negative control

100.4 102.0 102.3

98.8 3.2 Not cytotoxic
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