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ABSTRACT 

Nano-sized hydrogel drug carriers with tailored hydro- and lipophilicity are designed and their encapsulation and structure- 
forming capabilities investigated in real-time. These nano-carriers are built from cellulose and peptide hydrogels in tandem 

with a nano-stacked interwoven design and alternating hydro- and lipophilicity, thus enabling tuning of the lipophilicity of 
the carrier mesh for drugs of complementary lipophilicities. This allows for a variety of therapeutic applications, based on the 
nanoproperties of the hydrogel. Time-resolved and in situ grazing incidence x-ray scattering studies confirm the design and hydro- 
and lipophilicities of the fiber-hydrogel composite and conclude their ability for carrying drugs of complementary properties site 
specific. This approach allows for a novel way of understanding the functionality of drug carriers using photon-based approach. 
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 Introduction 

ot only the worldwide COVID-19 disease as an example of an
nfectious pandemic, but also the increasing number of other
llnesses difficult to treat (like some types of cancer) or individual
edical care (like immunization or vaccination) demonstrate the
ntensive research needed in individual therapeutic treatments or
recision medicine [ 1 ]. 

n particular, the experiences with the pandemic showed us that
ovel pharmaceuticals or those discussed for possible treatments
ay require new approaches of drug carrier design exploiting
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also interfaces at the nanoscale. In particular, medications with
severe side effects need a highly reliable possibility of nano-dosing
to reduce cellular damage caused by drugs. Here, fluid-based
technologies allow for the development of materials with nano-
or microsized particles with specific properties for biomedical
applications. They allow for bottom-up approaches to develop
novel approaches for bioimaging, biosensors, tissue engineering,
cell encapsulation, drug delivery, separation science, therapeu-
tics, and diagnostics [ 2 ]. Bottom-up approaches include additive
manufacturing and aerosol-based technologies for facilitating
advanced device design, fabrication, and integration on the nano-
and microscale [ 3–5 ]. Vital for the application is the ability
se, which permits use, distribution and reproduction in any medium, provided the 
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or time-resolved characterization of the materials’ functionality.
icrofluidic devices relying on optical methods play an important
ole here [ 6 ]. Organic electronic devices combined with thin film
echnology allow for studying the interaction of drug compounds
ith cell membrane lipids in real-time [ 7 ]. 

his requires also to think how pharmaceuticals—the medicine
nd their carriers—can be characterized very efficiently and
uickly in a non-invasive way. Here, we thus introduce a
ovel non-destructive technology for determining the hydro- and
ipophilicity of nano-sized drug carriers with x-rays, based on a
inetic, time-resolved approach. 

he nano-carriers as our test benches for the current study
re built from cellulose nanofibres and peptide hydrogels in
andem with a nano-stacked interwoven design and alternating
ydro- and lipophilicity, thus enabling tuning of the lipophilicity
f the carrier mesh for drugs of complementary lipophilicities.
ue to the fabrication type of the composite meshes, pulsed liquid
et and spraying technique (as scalable aerosol technology), their
uilt-up is template-like—and includes, due to the pulsing of
he nozzle time, and kinetic information about the fabrication
rocess. 

or the current kinetic and time-resolved x-ray approach, we have
elected different types of drugs and pharmaceuticals, which have
een developed for the treatment of cancer or viral infections.
hese drugs have been discussed with different proposed inhi-
ition mechanisms, with chemically complementary properties
nd even controversially debated in the literature [ 8–17 ]. 

o validate our x-ray-based experimental approach, the selection
e made is rather based on the drug’s chemical properties
s “model systems” than based on their supposed antiviral,
nti-cancer, or other efficiencies. The results may lead to a
eneralizable conclusion of determining the properties of nano-
osed drug carriers and their tunability in lipophilicity based on
inetic and time-resolved structural information, which have the
otential to be further adapted [ 18 ]. 

he impressive list and number of drugs systematically listed
n publicly accessible databases give chemists a rich fund of
olecular systems with even opposing chemical (hydrophilic and
ipophilic) properties [ 8–10 ]1 . While selecting the molecules with
pposing chemical properties that also consist of a wide range
f drug properties from the molecular databases, we asked the
uestion whether it is possible to develop a nano-based drug
arrier matrix that may comprise drugs of opposed hydrophilic
nd lipophilic or in general, complementary solubility properties.
hus, for this work, we have depicted particular drugs discussed
n the context of viral treatments with, for us most importantly,
pposing molecular properties, solubility, and interaction with
ydrogen networks. Tuning these properties made them ideal
andidates for testing whether it is possible to determine their
olubility properties and their hydro- and lipophilicity only with
ur time-resolved and kinetic x-ray studies. Very recently, it
as been reported that functionalized nanopolyaniline/fibrin gel
omposite scaffolds may be used in the treatment of cardiovascu-
ar diseases [ 19 ]. We also noted that most of the drug molecules
icked out in this study imply a high risk of overdose, demanding
ery precise low-dose control, which added an additional con-
of 12
strain to precise dose’s nano-control and x-ray analysis and is
targeted with our aerosol-based method. 

2 Experiment and Results 

The validation samples consist of anti-infectious drugs, singu-
lar or in combination, embedded in an interwoven design of
nanocellulose fibres and disordered nano-sized peptide hydro-
gels, fulfilling the desired nano- to micrometer range for potential
drug administration [ 20–23 ]. These carriers—in particular for
these proof-of-concept studies developed—have the potential to
overcome some of the current restrictions of nanocellulose-based
drug delivery templates [ 24, 25 ]. 

For the proof-of-concept experiment, the samples’ structural
and morphological integrity under performance conditions.
Figure 1A–D introduce into the method of time-resolved and
in situ grazing-incidence small-angle x-ray scattering (GISAXS)
studies of the fabrication, properties, and functionality of fibre-
hydrogel composites as drug carriers. Their template design
is schematically shown in Figure 1A . Figure 1B,C presents the
time-resolved and in situ GISAXS and in situ grazing incidence
medium-angle x-ray scattering (GIMAXS) techniques down
to the molecular scale [ 18–23, 25–27 ]. The studies, including
atomic force microscopy (AFM, Figure 1A ) and static and
quasi-type in situ Fourier transform infrared spectroscopy
(FTIR, later on), allow revealing the different interactions and
characterizing the complementary chemical mechanisms of
the drug’s integration into the fibre-hydrogel composite drug
carrier [ 17, 24 ]. At this stage, it is important mention to note
that the experiments explained in the following section confirm
reliable conditions of the fibre and hydrogel composite design
for the different active ingredients as well as its suitability for
drug storage. Thus, the current study adds another important
step into the development of studies on dermatological cellulose
and studies on living polypeptides [ 28–31 ]. The template of the
fibre-hydrogel composite consists of a mixture of hydrophilic
carboxy-methylated cellulose fibres (CMC) and peptide
hydrogels (P): 

CMC is enzymatically active and does not form a hydrogel when
dissolved in water, but rather nanofibers, which is confirmed by
the GISAXS and GIMAXS analysis. The CMC stacks alter with
P hydrogels consisting of variable hydrophilic (Threonin, Serin,
Glutamin etc.) and hydrophobic (Glycine-Lysin-Phenylalanine-
Glycine) (GLFG)-containing long-chain amino acids, allowing
for tuning the hydrophilicity of the P template and therefore
allowing for a selective implementation of drugs (for the full
peptide sequence, see Supporting Information ). CMC and its
derivatives also allow for the systematic tuning of hydrogen
bonds in the polysaccharide structures [ 21 ]. This also enables
a local uptake of the active ingredients in a specific chemi-
cal environment in CMC [ 24, 32 ]. The hydrophobic character
of polypeptide chains in P increases with the length of the
GLFG peptide chains [ 22 ]. The long peptide chains arrange
themselves into micellar structures by hydrophilic interactions
and hydrophobic collapses—similar to hydrophobic aerogels.
Altering the GLFG peptide chains in size and composition allows
for a controlled nano-tuning of the hydrophilic and hydrophobic
domains. 
Advanced Materials Technologies, 2026
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FIGURE 1 Time-resolved and in situ GISAXS studies of the fabrication, properties, and functionality of fibre-hydrogel composites as drug carrier. 
(A) Top view left: AFM image of drug carrier CMC-layers. Top view right: interwoven CMC (blue fibers) and P hydrogel layers (green points), allowing 
the nano-dosed inclusion of drugs (not shown here) with complementary properties. Side view: mesh carrier design with pre-mixed components. 
(B) Scheme of the spray set-up used at the P03 beamline at DESY. In situ spray deposition of the drug’s solution is performed while analyzing the 
layering process structures with GISAXS on-the-fly. t0 denotes the time point before spraying drugs and, therefore, the scattering pattern of the pure 
(CMC + P) drug carrier template without drugs. t1 to t5 are the in situ GISAXS scattering pattern for every spraying cycle at time point tj = 1,. . . ,5 . (C) 
Every in situ spraying cycle is stroboscopically followed by a fast readout of the detector, which gives additional time information between the spraying 
cycles. Due to the electronic synchronization, the experiments are highly reproducible (protocol and error bars see SI). The temporal evolution map of 
the stroboscopically followed density changes along qz in one in situ experiment of five spraying cycles is shown. The beginning of the figure depicts t0 
before the spraying starts (t0 = 0 s), followed by the different spraying cycles. The dashed line depicts the last spraying cycle, and the end of the figure 
corresponds to the end of the drying process. (D) A typical 2-dimensional GISAXS pattern for the last time point t5 . 

A  

t  

o  

D  

l  

c  

G  

I  

s  

d  

r  

(  

1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 2365709x, 2026, 20, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.71285 by D
E

SY
 - Z

entralbibliothek, W
iley O

nline L
ibrary on [03/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reati
 typical 2-dimensional GISAXS pattern of a particular spraying
ime point t5 (loaded with Camostat Mesylate drug) and an
verview of the GISAXS curves of selected drugs (Chloroquin
iphosphate (CQD), Camostat Mesylate (CM), Nafamostat Mesy-
ate (NM)), Remdesivir (RD)) embedded in the composite mesh
arrier is shown in Figure 2 (resp. Figure 2A,B ). Additional
ISAXS analysis is found in Figure S1 (see Supplementary
nformation . In the entire X-ray scattering range, we observe
ignificant intensity modulations when adding the different
rugs. The nano- and molecular scale morphology of the car-
ier nanostructures are determined from the in situ GISAXS
0.02 nm− 1 

< qy < 0.1 nm− 1 ) and GIMAXS (0.1 nm− 1 
< qy <

.2 nm− 1 ) measurements in a two-step analysis: 

i. GISAXS refinement of the fiber-shaped aggregates (0.02 nm− 1

< qy ≤ 0.1 nm− 1 ): The horizontal GISAXS cuts within
dvanced Materials Technologies, 2026
0.02 nm− 1 
< qy < 0.1 nm− 1 (red and blue areas in Figure 2A,B )

have been adapted by modelling distributed cylinders/fibers
with prolate radii dimensions isotropically [ 32–35 ]. The size
fitting is limited by the resolution of the GISAXS data for qy 
≤ 0.02 nm− 1 . The structural parameters obtained from these
adjustments have been chosen as limits for the next structural
refinement steps. 

ii. GIMAXS fractal refinement (0.1 nm− 1 
< qy < 1.2 nm− 1 ): Drug-

nanobodies with electron density modulations of molecular
orders in the range of 0.1 nm− 1 

< qy < 1.2 nm− 1 (green
area in Figure 2A,B ) have been incorporated into the drug
templates in different concentrations. These intensity regions
also show drug-dependent intensity modulations in the
GIMAXS regime. We have evaluated them using fractal anal-
ysis schemes, as explained for Figure 3 following the analysis
3 of 12
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FIGURE 2 The different fiber-hydrogel composite drug carrier 
nano-layers show characteristic domain formations in the different 
scattering regimes. Domains with larger fiber-shaped CMC aggregates 
are highlighted as red, and domains with middle-sized CMC units are 
highlighted as blue areas. The green area of long-chain peptide units 
P forming fractal networks (green area) are analyzed as follows: (A) 
Overview of all investigated drugs (for the abbreviation see footnote). 
Depending on their chemical properties, they embed themselves in the 
different domain areas relative to the pure fiber-hydrogel composite 
template (black line). The arrow is added as an eye-guide. Within this 
scattering regime, drug-only scattering signals do only contribute to the 
background since not periodically ordered. (B) GISAXS and GIMAXS 
curves of the pure fiber-hydrogel composite structures without drugs 
(CMC + P). The green curves indicate 10 nm size structures typical for 
CMC and starting to overlap with fractal structures formed by small (1–
5 nm size) drug molecules. This region needs to be analyzed separately. 
For clarity of the presentation, we have selected the four most prominent 
drug candidates in the following section. 
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FIGURE 3 The different fiber-hydrogel composite drug carrier 
nano-layers show characteristic domain formations in the different 
scattering regimes. Domains with larger fiber-shaped CMC aggregates 
are highlighted as red, and domains with middle-sized CMC units are 
highlighted as blue areas. The green area of long-chain peptide units P 
forming fractal networks (green area) are analyzed as follows: Top: refined 
fiber-shaped aggregation radii RCMC1 and inter-fiber distances dCMC1. 
Bottom: refined fiber-shaped aggregation radii RCMC2 and dCMC2 of the 
pure fiber-hydrogel composite and the fiber-hydrogel composite loaded 
with drugs for the red and blue scattering areas (see also Supporting 
Information ). The error bars lay within the size of the plotted data points. 
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outlined in literature [ 22, 36–38 ]. For further information
about the analysis, see Figure S2 . 

he scattering curves analysis according to scheme (i) indicates
he formation of one large (“CMC1”) and one middle-sized
“CMC2”) CMC structur e with aggr eg ate radii of RCMC1 = 1 50
 ± 10) nm and RCMC2 = 50 ( ± 5) nm as been presented in Figure 3 .
he same types of fibrillar structures (CMC1 and CMC2) are
ound when analyzing the GISAXS intensity modulations for pure
MC (see Table S3 ). When the drugs are embedded in the fiber-
ydrogel composite (Figure 3A ), the large fiber-shaped CMC
ggregates CMC1 swell in size in the drug’s order NM, RD, CQP,
of 12
and CM (Figure 3A ; abbreviations [ 18 ]). The CMC2 fibers do
not change their size (Figure 3B ), except for CM loading, which
shows additional CMC aggregation behavior. We observe the
same trends for the average distances between the fiber-shaped
aggregates in the fiber-hydrogel composite, dCMC1 and dCMC2 , and
their polydispersity (Table S3 ). 

The big changes in the GISAXS and GIMAXS data of Figure 2A
prove a significant embedding of the drugs into the fiber-hydrogel
composite and their strong influence on the fiber-hydrogel
composite nanomorphology. Detailed analysis in Figure 4A–F
shows the quantitative refinement of the (i) GISAXS scattering
curves for the drugs CM (Figure 4A ), CQP (Figure 4C ) and RD
(Figure 4E ), in comparison to the fractal analysis refined (ii)
GIMAXS scattering curves for the drugs CM (Figure 4B ), CQP
(Figure 4D ) and RD (Figure 4F ). 
Advanced Materials Technologies, 2026
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FIGURE 4 Representation of the structural adaptation of fiber-hydrogel composite for three representative drugs of this study: Camostat Mesylate 
(CM), Chloroquine-Phosphate (CQP), and Remdesevir (RD): (A) GISAXS refinement of the CMC network for embedded CM, (B) GIMAXS refinement of 
the fractal P-network for the embedded CM drug; (C) GISAXS refinement of the CMC network for embedded CQP (it additionally shows a substructure 
formation at qy = 0.01 nm− 1 ); (D) GIMAXS refinement of the fractal P-network for the embedded CQP drug; (E) GISAXS refinement of the CMC network 
for embedded RD; (F) GIMAXS refinement of the fractal P-network for the embedded RM drug. Due to code restrictions, Int0 is the scattering intensity 
w/o background subtraction, and Int1 is the scattering intensity with subtraction of the GISAXS fit using three structures (see Figure 2A,B ). The gas-phase 
structures acts as references for interpreting the results of the fractal analysis (see also Scheme S5 and description of the calculations). 
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n one side, we depicted the drugs in such a way that the rep-
esentative molecular shapes of the drugs are a prolate ellipsoid
ith two active side groups at both ends for CM, an almost
lattened, oblate disk with one active side group terminus for CQP,
nd a sphere extending with two active side group arms each into
ll three dimensions for RD. 

n the other side, fractal analysis in x-ray scattering, particularly
mall-angle x-ray scattering, determines the hierarchical struc-
ure, aggregation, and surface roughness of nanomaterials by
easuring scattered radiation intensity. It analyzes mass/surface
ractal dimensions and scaling factors in the power-law scattering
egion to characterize irregular particles and the porousity of
aterials, which in particular in this work, connects to the
ntensity of the hydrogen network formed in the TNP. Con-
dvanced Materials Technologies, 2026
tinuing the introduced molecular-shape rational, the selected
drugs characteristically form tighter or looser hydrogen bonding
networks with the fiber-hydrogel composite environment. This
depends on the position and type of the chemical side groups
relative to the shape of the drug (Figure 5 and Supporting
Information , Table S4 ) and thus according to their (hydrophilicity
or) lipophilicity character: Pure P-networks in CMC as reference
are characterized by a high nano-porosity, whose electron density
structures modulate on the molecular length scale with a peptide
radius of RP = 0.471 ± 0.001 nm, and one order of magnitude
larger inter-peptide distances of 5 ± 0.5 nm (Table S3 , particle
center to center distance EIAS). 

In Figure 5 , the fractal radius RP defines the smallest self-
reproducing structural unit within the network scaled in
5 of 12
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FIGURE 5 (A) The fractal radius for the P-network enriched by 
the drugs increases in the order CMC + P, CMC + P + CM, CMC + P + CQP, 
CMC + P + RD. The correlation length decreases in the order CMC + P. 
CMC + RD, CMC + P + CM and CMC + P + CQP. The errors are within the 
data points. (B) FTIR spectra of pure peptide (P, green), pure CM (CM, 
violet) and peptide with CM (P + CM, pink) in D2 O confirm a stability 
of the hydrogen bonding network: A small fraction of ordered beta-turn 
formation (assigned based on amide I band between 1640–1670 cm− 1 , 
green) as a secondary structure element is typical for the nanostructure 
of the P-network within the fiber-hydrogel composite and remains nearly 
unchanged when CM is added (pink spectra). The FTIR difference spectra 
are shown in Figure S3 . 
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olecular dimensions. The fractal radius RP increases with
ncreasing drug’s sizes from CM via CQP to RD. Particularly, since
M preferentially adheres to the fibril-shaped CMC aggregates
blue and red area Figure 2A–C ), the CMC + P + CM network’s
ractal radius of 0.45 ± 0.08 nm in Figure 5A (bottom light green,
eft side and Supporting Information ) equalsthe radius of isolated
M molecular units (0.55 nm, determined through quantum
of 12
chemical simulations (DFT), see SI), which are slightly larger
than the smallest P unit (0.47 nm) and can thus be distinguished
from them. On the contrary, the correlation length (called ξP , see
Supporting Information ) in Figure 5A (right side) refers to the
fractal domains’ cluster size and shows a reversed order when
correlating to the drug’s sizes: decreasing from RD to CM to CQP.

We gain additional structural information by adding FTIR studies
of the fiber-hydrogel composite components (Figure 5B ). D2 O was
used as solvent. Figure 3H and Supporting Information , Figure 3
show the FTIR spectra of the amide I and amide II regions
corresponding to signals of the peptide bonds (bands between
1640–1670 cm− 1 and 1420–1460 cm− 1 of the pure P-network (green)
and loaded with CM (pink). The amide I band, centered at 1640–
1665 cm− 1 exhibits a clear signature for beta-sheets and -turns
(shoulder at 1669 cm− 1 ) in combination with the presence of
random structures (peak at 1648 cm− 1 ) [ 39 ]. When loaded with
a drug (equal preparation conditions as in the GISAXS/GIMAXS
studies), the amide I and amide II band with their typical side
shoulders remain nearly unaffected suggesting that the beta-
sheet structures remain unaltered during drug loading of the
fiber-hydrogel composite, corroborating the encapsulation of the
drug. 

3 Interpretation and Discussion 

What do these observations now imply concerning the
drug’s pharmaceutical properties such as their lipophilicity
or hydrophilicity? For obtaining a more detailed understanding
of the drugs solubility in the fiber-hydrogel composite, we
correlate our structural results with the so-called lipophilicity or
hydrophilicity parameters of the drugs: According to their
definition [ 8, 9, 40–48 ], lipophilicity or the lipophilicity
parameters of drugs are correlated to their solvation entropies
driving hydrophilic and hydrophobic effects of drugs when
dissolved or embedded into pharmaceutical relevant matrices
like, in our case, the studied fiber-hydrogel composites. 

As already mentioned in the explanation of Figures 2–5 , the
majority of known drugs contain ionizable groups which are
charged at physiological pH. For considering the pH-corrected
properties, high-performance liquid chromatography (HPLC)-
based logD7.4 values had been introduced. LogD7.4 scales the
lipophilicity to octanol/water (pH 7.4) standards and is reported
in various data banks [ 43 ]. Negative logD7.4 values (logD7.4 < 0)
indicate high hydrophilicity, and positive logD7.4 values (logD7.4 
> 0) indicate low hydrophilicity and high lipophilicity. Another
measure for the hydro- or lipophilicity of the drugs is the
protein binding value in % [ 44 ]. Values < 50% indicate high
hydrophilicity, values > 50% high lipophilicity of the drugs. 

In Figure 6 we correlated the derived structural parameters of the
drug-loaded fiber-hydrogel composites, their nanocellulose and
peptide radii of gyration (RCMC1 , RCMC2 , RP ) with the pharmaceuti-
cal solubility parameters log D7.4 value, the protein binding value,
and their general lipo- and hydrophilcities. 

These results allow for a concise picture of the various static
hierarchies of the fiber-hydrogel composite structures and how
they are changed when loaded with drugs of opposing hydro- to
Advanced Materials Technologies, 2026
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FIGURE 6 Correlation between the structural analysis of the drug-loaded fiber-hydrogel composite and the lipophilicity parameter of the 
drugs. Top: Dependencies on the logD7.4 value; Bottom: dependencies on the protein binding [%] values, both tabulated solubility characteristics of 
pharmaceuticals. (A) CMC1 large fiber RCMC1 of CM, CQP, RD and NM. (B) medium-sized fiber RCMC2 (50 nm) of CM, CQP, RD and other studied drugs 
and (C) fractal radii of the CMC and P-domains (RP ) of the fiber-hydrogel composite of the different drugs as a function of the lipophilicity parameters 
logD7.4 (top) and %-protein binding values (bottom). 
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ipophilicity in a static description (Figure 2C top, Tables S3 and
4 , to Figure 5 ). The larger radii of gyration of the CMC1 fiber-like
ubphase (aggregates), RCMC1, increase characteristically with-
ut and with peptide and drug loading from RCMC1 (CMC + P)
 150 ± 12 nm to RCMC1 (CMC + P + RD) = 190 ± 20 nm, to
CMC1 (MC + P + CQP) = 200 ± 15 nm, and to RCMC1 (CMC + P + CM)
 280 ± 25 nm. 

uantitative values for the lipo-/hydrophilicity of the drugs are
iven in terms of logD7.4 values. As the drugs become more
ipophilic, the logD7.4 values increase from negative to positive
alues, resulting in tighter packing of CMC1- fiber-hydrogel
omposite and a decrease in RCMC1 as a function of logD7.4 or
rotein binding (Figure 6A ). The system segregates during fiber-
ydrogel composite formation, leading to a strong separation of
he CMC and P domains, allowing the structures to organize
hemselves more densely. CM exhibits the highest hydrophilicity
mong the drugs studied and causes the most significant swelling
f the CMC1 network. This is evidenced by the substantial
ncrease in RCMC1 from 190 ± 12 nm to 280 ± 25 nm. In contrast,
QP and RD, which are relatively lipophilic, show less interaction
ith the CMC network, resulting in RCMC1 values of around
90–200 nm. 

CMC2 is an intermediate structure of a CMC phase consisting
f smaller structures. The size of RCMC2 for CMC, CMC + P,
MC + P + RD, and CMC + P + CQP ranges from 40 to 60 nm
Figure 2C ; Table S3 , Figure 6B ). For CMC + P + CM, however,
CMC2 has a value of 200 ± 18 nm, indicating a significant swelling
haracteristic for the CMC domain due to specific interactions
ith CM. The observed slight changes in RCMC2 are consistent
ith the results obtained from RCMC1 , as shown in Figure 3A,B .
he decrease if RCMC2 correlates directly with the increase in log
7.4 for the screened drugs. The distance between the centers
f particles CMC1 and CMC2 decreases as the fiber wall-to-wall
dvanced Materials Technologies, 2026
distance decreases. The third structure, which yields intensity
in the green region of Figure 2B , ranges between 10 and 15 nm
for CMC, CMC + P, CMC + P + RD, CMC + P + CQP (Table S3 ), while
being 20 ± 3 nm for CMC + P + CM. 

An inverse dependence of the smallest refined radii of gyration RP 
is observed when comparing the classical phase shape evaluation
with the fractal analysis in Figures 4 and 5 . These radii describe
the fractal network of the peptide mesh/subphase. They also
depend on the lipophilicity parameter logD7.4 , but inversely to
RCMC1 or RCMC2 . Upon loading with drugs, the P-mesh undergoes
a significant swelling from RP (CMC + P) = 0.471 ± 0.001 nm:
RP gradually increases from RP (CMC + P) = 0.471 ± 0.001 nm
to (CMC + P + CM) = 0.58 ± 0.01 nm to RP (CMC + P + CQP) =
0.74 ± 0.05 nm to RP (CMC + P + RD) = 1.22 ± 0.06 nm as
logD7.4 and the lipophilicity increases (Table S4 ; Figure 6C ).
Compared to the unloaded fiber-hydrogel composite CMC + P,
the lipophilic P-phase of the fiber-hydrogel composite slightly
de-packs and structurally disorders, when loaded with more
hydrophilic CM, yielding a very small RP increase (Figure 6C ).
Dissolving hydrophilic CM in the hydrophobic P-phase does
not lead to molecular solvation stabilization but it results in
better solvation into the hydrophilic CMC1 and CMC2 subphases
(increase of their radii of gyration, Figure 6A,B ), with a larger
segregation of the CMC from the P phases: the hydrophilicity of
the drug embedded significantly affects the extent of segregation
of the subphases during fiber-hydrogel composite formation. 

Figure 6 clearly demonstrates that CM is the most hydrophilic
drug among those studied. As a result, it causes the most
significant swelling of the hydrophilic CMC phases, as evidenced
by the increase in RCMC1 and RCMC2 . The addition of drugs to
the fractal template leads to an increased RCMC1 , which in turn
causes a decrease in fiber wall-to-wall distances and a reduction
in correlation lengths ξP between two CMC fibers. Table S3 ,
7 of 12
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FIGURE 7 In situ kinetic and structural analysis of the drug embedding during the spray production of the fiber-hydrogel composite. All three 
fiber-hydrogel composite formations are kinetically driven. The insets present the final fiber-hydrogel composite-drug structures and morphologies after 
the last spraying cycle with CMC structures in blue, smaller green dots for peptides, and larger pink dots for the drugs. (A) For CM, a decomposition 
of the 50 nm-middle-sized, fiber-shaped CMC aggregates (blue curve) and fractal P-network (green curve intensities) is seen: Both curves decrease. 
This implies a formation of specific P-drug fractal substructures around swollen fiber-shaped CMC aggregates. (B) For CQP, a dissolution of the 50 nm- 
middle-sized CMC fibers is seen (blue curve decreases). Formation of aggregates within the P-network between the long fiber-shaped CMC aggregates is 
observed (green curve increases). (C) For RD, a faster dissolution of the middle-sized, 50 nm fiber-shaped CMC aggregates (blue curve decreases) under 
comparable concentration conditions is observed. The formation of the CMC-P-network with RD embedded in the fractal P-network and between the 
long fiber-shaped CMC aggregates is delayed and kinetically hindered (green curve increase). The variation of the CMC and P nanoparticle aggregation 
properties has been presented as needles and dots in the round insets of this Figure and reflected in the variations of the poydispersity values of Table 
S3 . 
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emonstrates that ξP decreases in the order CQP, CM, RD. This
ndicates that the degree of cooperative structural organization
ithin the fiber-hydrogel composite becomes more pronounced
s the drugs become more hydrophilic. 

oming to the area of fractal interpretation (GIMAXS area),
ipophilic drugs, like CQP and RD, enter the peptide network
nstead of the porous cellulose network: as the CMC1 and CMC2
adii of gyration decreases with loading of the fiber-hydrogel
omposite with CQP and RD, the radii of gyration of P-mesh
RP ) increase due to a preferred solvation within the lipophilic
-phase. 

oncerning dynamic studies, we performed additional in situ
eal-time GISAXS and GIMAXS studies of the fiber-hydrogel
omposite formation. Figure 7A–C (and corresponding Figure S4 )
onfirm drastic differences in the kinetics of the fiber-hydrogel
omposite production for the various drugs—in particular when
eaching the drug’s concentration saturation conditions at the
nd of the spraying process. The separate time points are defined
y a spraying and drying cycle of one fiber-hydrogel composite
ayer (and between two spray pulses). For the analysis, we focus
n the normalized intensity of CMC2 and P region in Figure 2A,B
see also Figures S3 and S4 ) in order to differentiate between
he dynamics of formation and restructuring of the cellulose and
eptide domains. 

n a wider sense, hydrophilicity can also be determined by the
eometrical wetting properties of a liquid drop on a defined
of 12
surface (for definitions, see Supporting Information ). With our
time-resolved x-ray scattering studies, as expressed in Figure 6 ,
we make use of the correlation between the log D7.4 value and
hydrophilicity properties and its geometrical pendant, by study-
ing the nanoscale properties and nanoscale structural evolution
of our drug-target entities during the spraying, droplet creation,
and finally film formation of the drug:CMC:peptide units. With
the structural methods, we determine the structural features
underlying the growing process of the template. 

The lipophilicity of the drug has a significant impact on the
formation of fiber-hydrogel composite. However, the kinetic
response function of the fractal network is more complex during
fiber-hydrogel composite formation. The temporal analysis of the
drug’s interaction with fiber-hydrogel composites, as depicted by
the blue lines in Figure 7 (more precise in Figure 7A–C ), were
obtained from the normalized intensities in the blue areas of
Figure 2 (and Figure 4 resp. Figure S3 ). The in situ experiment
primarily monitors time-dependent changes in the middle-sized
structural CMC2-fiber network. The green line depicts the time
evolution of the normalized intensities derived from the green
area, which belongs to the fractally organized P-network of
the fiber-hydrogel composite. The original CMC2-fiber network
partially disappears in all three systems as the blue curves
decrease in intensity. 

The rate constants are globally determined by the fiber-hydrogel
composite layer-to-layer growth, as shown in Figure 7 and
Figure S4 . The error bar of the time traces only, including the
Advanced Materials Technologies, 2026
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xperimental jitter, is smaller than 500 msec. The error of the
etermined intensities lays within the symbol size. Further
tatistical values are described in the Supporting Information .
or the sample and data collection averaged kinetics, the half-
ime rate constants k1/2 for the different systems, CMC + P + CM,
MC + P + CQP and CMC + P + RD are in general of the same order
f magnitude and depend on the spraying doses/drying cycles.
n concrete terms we find for the kinetics of the fiber-hydrogel
omposite formation with CM τ1/2 (CMC + P + CM, P) = 35 ± 2 s,
1/2 (CMC + P + CM, CMC) = 55 ± 5 s, for the ones with CQP
1/2 (CMC + P + CQP, P) = 30 ± 2 s, τ1/2 (CMC + P + CQP, CMC) =
2 ± 5 s, and a rate reversing and fastening of the process for RD
ith τ1/2 (CMC + P + RD, P) = 55 ± 5 s and τ1/2 (CMC + P + RD, CMC)
 20 ± 2 s. 

igure 7 clearly outlines the differences in the slope of the fiber-
ydrogel composite growing rate constants between CM, CQP,
nd RD. It is observed that the hydrophilic CM system exhibits
pposite kinetic behavior compared to the more lipophilic CQP
nd RD systems. The observed kinetic behavior in Figure 7A
or CM can be attributed to the structural decomposition of the
riginal middle-sized, fiber-shaped CMC aggregates (blue curve
ecreases, left scale) and fractal P-network aggregates (green
urve intensities decrease, right scale). The segregation process
esults in the formation of slightly disordered but specific CM-
rug fractal-P- substructures around swollen fiber-shaped CMC
ggregates, as demonstrated in Figures 2–6 . 

he FTIR results confirm that the β-sheet type of the P-fiber-
ydrogel composite structure persists during this reorganization
n the nanodomains. Additionally, more lipophilic CQP still
ffectively dissolves the middle-sized CMC fibers (as evidenced
y the blue curve decrease), but also forms ordered substructures
nd aggregates within the lipophilic P-network between the
ong fiber-shaped CMC aggregates (as evidenced by the green
urve increase). These findings demonstrate the efficacy of CQP
n restructuring the P- and the CMC-phases (aggregates). RD
xhibits a similar kinetic behaviour to CQP (Figure 7C ). However,
nder comparable conditions, RD dissolves the middle-sized
iber-shaped CMC aggregates faster and more effectively than
QP. The formation of the CMC-P-network, with RD embedded
n the fractal P-network and between the long fiber-shaped CMC
ggregates, is delayed and kinetically hindered (as shown by the
elayed increase of the green curve in Figure 7C ). 

he original CMC2-fibril network partially disappears in all three
ystems as the blue curves decrease in intensity (Figure S3 ).
owever, the different drugs partially exhibit self-amplifying and
utocatalytic reactions of increasing intensity, with compara-
le concentrations and slope characteristics but different time
onstants: 

∙ The disassembly of the hydrophilic CMC2 fiber network in
the hydrophilic CM’s case results in the thinning out of the
fractal hydrophobic P-network at comparable kinetic rates
to the dilution of fiber-shaped CMC2-aggregates (as shown
in Figure 7A ). It is worth noting that the disassembly of
the hydrophobic P-network is autocatalytically accelerated
compared to the ones of the CMC phases. Out of all the drugs,
the most significant correlation length is demonstrated for CM
(Figure 4A ). It is observed that CM forms clusters within the
dvanced Materials Technologies, 2026
dissolved P- and CMC-mesh. These clusters are likely to accu-
mulate on the surface of the large fiber-shaped structures, as
suggested by the radius and distance increase in Figure 3A , for
CM. The mechanism of this process is illustrated in the inset
of Figure 7A . The relocation of the P-assembled structures
to other areas within the fiber-hydrogel composite implies
that the disordered arms of the P-mesh loosen their network
between the fibers and compactly arrange themselves with
the drugs around the fibers. These findings demonstrate a
clear understanding of the incorporation of CM into the
fiber-hydrogel composite. 

∙ More lipophilic CQP and RD dissolve CMC2-aggregates of
fiber structures in classical first-order reactions, with RD
being faster than CQP. The kinetic analysis clearly demon-
strates that CQP autocatalytically enriches the interstitial
P-mesh, thereby accelerating the increase in fiber-hydrogel
composite structural compactness, outpacing the dissolution
of the fiber-shaped CMC2 aggregates (as shown in Figure 7B ,
inset). Both prefer solvation within the P-mesh. 

∙ Lipophilic RD enhances the P-phase formation, as demon-
strated by the intensified green curve in Figure 7C . The time
constant of this process follows a classical first-order kinetic
law, similar to the disassembly of CMC2-aggregates, rather
than an autocatalytic kinetics. 

The CMC2 aggregate domains for all three drugs consist of
two sub-phases: one forming larger or more swollen CMC
fibers (Figure 3A /Figure 4 ), and one with much smaller fiber
aggregation radii, slightly larger than the typical fractal network
dimensions (Tables S3 and S4 ). Our in situ and real-time measure-
ments of fiber-hydrogel composite production thus demonstrate
two important aspects for storing these drugs/drug models with
opposing lipophilicity. As to Figure 6 , the nanostructure of the
drug matrix is crucial in kinetically controlled drug delivery, in
particular for low-dosage treatments. Incorporating hydrophilic
(cellulose) and hydrophobic (peptides) nano-units can create
optimized direct next-neighbor conditions for different drugs.
Regulating the local concentration of matrix/host formation
during fiber-hydrogel composite fabrication can be achieved by
controlling phase transformations and segregation when drugs
are embedded. Among the studied drug systems, it is evident
that CM undergoes the most significant structural rearrange-
ment when embedded into the fiber-hydrogel composite. This is
because of the structural response function of CM adapting to its
compartment environment and adjusts the hydrogen network to
backbone structures such as the peptides. The drug/host system
of CM embedded in our fiber-hydrogel composite (i.e., CMC + P)
is highly promising due to the structure of CM and the flexibility
of the peptide network. 

4 Conclusions 

In summary, the autocatalytic embedding of CM in fiber-hydrogel
composite is unequivocally supported by CM’s specific chemical
interactions with the P-network/mesh. These interactions lead
to a preferential restructuring around the fibril-shaped CMC
aggregates. Out of all the drugs and model drugs studied, CM
displays the most exceptional matrix solubility behavior due
to its remarkably high degree of hydrophilicity. CQP exhibits
9 of 12
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ntensive chemical interactions with the P-network between the
iber-shaped CMC-aggregates. RD selectively enriches within
he hydrophobic P-network, intermixing with the CMC-phases,
nducing structural disorder properties in the CMC network
uring embedding. CM exhibits hydrophilic properties, CQP is
eakly lipophilic, while RD is highly lipophilic. 

tructurally, the hydrophilic interactions of CM lead to two
utocatalytically enhanced reorganizations of both the fractal P
nd the middle-sized CMC2 nano-networks from their original
hapes toward a higher-dimensional network. During dissolving
M in the CMC network, the process of diluting the CMC2
ano-cylinders causes a significant swelling in size of the larger
MC1 nano-cylinders. We interpret this as a reformation of the
iber-hydrogel composite units around the CMC1 nano-cylinder
etwork, at the expense of the CMC2 and in particular P-units, in
avor of the CMC1 units. 

n contrast, the highly lipophilic RD strongly dilutes within
he hydrophobic P-network, forming solvated structures and
ffectively increasing its fractal radius due to the enlargement
f the structural P-solvation shell. The slightly higher density
f the CMC-network is also a direct result of this. The CMC2
ano-cylinders undergo partial dissolution, while the CMC1
ano-cylinders experience slight swelling. It is important to note
hat CQP, which has weak lipophilicity, shows a similar trend
hough more pronounced. 

he fiber-hydrogel composite developed within this framework
s an ideal carrier platform that can be customized for all types of
rugs, whether hydrophilic or lipophilic. This is due to the fiber-
ydrogel composite’s ability to individually reorganize around the
rug, being hydro- or lipophilic. This results in a drug-specific
tabilization of the drug’s solvation by structurally patterning the
verall hydro- or lipophilicity of the fiber-hydrogel composite.
redictively, hydrophilic drugs will autocatalytically reshape the
iber-hydrogel composite toward a reorganization stabilizing the
rug’s solvation by remaining fiber-hydrogel composite’s overall
ipophilicity. This makes the fiber-hydrogel composite an excel-
ent carrier material for all types of drugs—hydrophilic as well as
ipophilic ones. The fiber-hydrogel composite has the potential to
dminister drugs at controlled low doses and in a variable manner
o reduce severe side effects. The novel non-destructive and non-
nvasive concept for determining the hydro- and lipophilicity
f with dynamic x-ray studies within the nanocellulose/fiber
etwork being characteristic for cellulose-based paper enables
he development of drug carriers as “Therapeutic Nanopaper”. 

rug release studies will, however, be the topic of future phar-
aceutical studies as well as extending our studies to other
rug candidates and types. Emphasizing the method and strategy
evelopment in this work, for pharmaceutical research in the
ield of cancer and related areas, we propose a strategy that still
eeds to be refined for certain vectors. 
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ENDNOTE 
1 In alphabetical order, the named drugs range from (serine) protease
inhibitors as Camostat Mesylate (CM) or Nafamostat Mesylate (NM) (7-
10) through (non-specific) inflammatory TLR7-9 inhibitors, as Hydroxy-
chloroquine Sulfate, ATM activators, such as Chloroquine Diphosphate
(CQP) (11,12), antiviral RNA-blocking broad-spectrum agents, as Remde-
sivir (RD) (11), HMG-CoA reductase inhibitors, as the statin Pitavastatin
Calcium (13) to non-ATP competitive serine kinase inhibitors-8 (TDZD)
(14), and their combination with the antibiotics Azetomycin (AZI) 
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