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Comparative Analysis of Two Elastic Types of
Surface-Crosslinked Gelatin Nanoparticles as Suitable
Systems for Macromolecular Drug Delivery

Armin W. Novak, Stefan V. Pochmann, Alexander Horn, Agnes-Valencia Weiss,

and Marc Schneider*

With a steadily rising number of novel biopharmaceuticals in development,
the demand for applicable delivery systems for macromolecular drugs
persists. Polymeric nanoparticles, consisting of the natural product gelatin,
present beneficial attributes for this application. To stabilize those
nanoparticles without interfering with encapsulated macromolecules,
surface-crosslinked gelatin particles are developed and thoroughly
characterized for their physicochemical and mechanical properties. With only
limited data available for the latter, investigating the elastic properties can
offer a more comprehensive understanding of the crosslinking processes
involved and of the gelatin particles’ potential applications. In this study,
protocols for surface-crosslinked gelatin particles type A (GNP-A) and B
(GNP-B) are described. Significant differences between the two types of
gelatin are reported regarding their physicochemical and mechanical
properties. GNP-A consists of a lower crosslinking degree, leading to
pronounced swelling in aqueous environments and softer nanoparticles. They
possess contrary properties compared to the more extensively crosslinked
and stiffer GNP-B. However, this doesn’t affect encapsulation efficiency,
allowing to develop nanoparticulate systems suitable for various applications
by adjusting the particle properties while maintaining the same drug load.
These findings provide a deeper understanding of polymeric gelatin particles
and reveal the importance of investigating the mechanical properties of drug
delivery systems during pharmaceutical development.

1. Introduction

Since the end of the twentieth century,
therapeutic macromolecules, often referred
to as biopharmaceuticals, are on a con-
stant rise regarding new drug approvals
by authorities. For the first time in his-
tory, the approval rate of these thera-
peutic macromolecules even overtook the
one of small molecules in 2022, un-
derlining the importance and the need
of such medicines.'! Although “macro-
molecule” not being a strictly defined
term, this category, containing therapeu-
tic peptides, antibodies, proteins, and nu-
cleic acids, is in general described by
its molecules’ large size in the kilodal-
ton range.’*! The field of biopharmaceu-
ticals also possesses its own challenges
when it comes to delivering these molecules
to their respective target sites. Pharma-
ceutical hurdles such as instabilities, pro-
tein degradation, or lacking cell penetra-
tion need to be overcome by a suitable drug
delivery system.’] One currently applied
technique is embedding or encapsulating
of macromolecules into nanocarriers.[®”]
Nano-based drug delivery approaches can
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provide a variety of advantageous properties, for instance con-
trolling the release profile of the drug, shielding macromolecules
from degradation and denaturation, or enhancing the cell and tis-
sue penetration of the biological entities.[®3-1% Throughout the
broad field of nanocarrier systems, polymeric nanoparticles tend
to play an increasingly important role in macromolecular drug
delivery.'!] These particles can be divided into particles consist-
ing of synthetic polymers and nanoparticles developed from nat-
ural polymers, within the biopolymer gelatin is intensively stud-
ied and shows promising characteristics as a drug delivery system
for macromolecular drugs.['21%]

The composition of the collagen-derived polymer gelatin is
a blend of different polypeptide chains, consisting of distinct
molecular weight fractions. Therefore, it is important to men-
tion that the described properties for gelatin are commonly av-
eraged for the whole protein throughout the different peptide
chains.[*6%7] Natural gelatin is obtained by hydrolysis of colla-
gen and can be divided into two types, depending on the ap-
plied pre-treatment of the collagen. Type A gelatin is produced
by acidic pre-treatment, resulting in an alkaline-acting gelatin,
while type B is gained through alkaline pre-treatment of the col-
lagen, yielding an acidic-acting polymer.'8l As a result of the
pre-treatment process, gelatin types A and B consist of disparate
physicochemical properties, originating from the alteration of
their amino acid composition. While acidic treatment does not
affect the amide groups of asparagine and glutamine amino
acids, alkaline treatment impacts those groups by hydrolysis to
carboxyl groups and triggers a conversion to aspartate and glu-
tamate respectively.l'”! This conversion of asparagine and glu-
tamine to their acidic amino acid counterparts leads to two dif-
ferent isoelectric points (IEP) for gelatin type A and type B. Type
A shows an IEP of 8-9 in contrast to type B with an IEP of
4.8-5.4.1201 Due to its unique properties, gelatin provides a suit-
able system for macromolecular drug delivery.?!-2*1 The pro-
teogenic structure of gelatin, being on the one side beneficial for
protein-based drug delivery, is accompanied by stability concerns
on the other. Gelatin is unstable in aqueous environments and
tends to dissolve under physiological conditions.!?*] Therefore,
gelatin particles have to be stabilized via crosslinking to create a
suitable drug delivery system. For this purpose, a variety of dif-
ferent crosslinking methods were developed, including physical
gelation by adjusting temperature or pH, enzymatic crosslink-
ing, crosslinking using natural compounds such as genipin
or plant-derived polyphenols, and chemical crosslinking.[2*%"]
Among the mentioned crosslinking options, chemical crosslink-
ing using water-soluble compounds like formaldehyde or glu-
taraldehyde has been widely investigated in research.?$-30 At
tributed to the compounds’ high water solubility, crosslinkers
are able to diffuse into the core of the gelatin particles and
crosslink amino groups from two gelatin molecules, forming sta-
ble and water-insoluble networks. Regarding broad application
for proteinaceous drugs, this unspecific reaction leads to cova-
lent bonds between the gelatin network and the encapsulated
drug, ensuing negative effects on the drug release and therefore
its efficacy.[*"*?] To overcome this obstacle, a novel approach on
crosslinking the nanoparticles’ surface using the water-insoluble
crosslinker N,N'-diisopropylcarbodiimide (DIC) was established.
DIC serves as a zero-length crosslinker, reacting with carboxyl
groups of acidic amino acids by creating covalent bonds be-
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tween these groups and primary amines. This crosslinker is
widely used in peptide synthesis, forming peptide bonds between
the reagents.*3] Due to its insolubility in water, the crosslinker
cannot penetrate deeply into the particle, thus being unable to
crosslink the encapsulated macromolecular drug. This method
can be employed to produce stable, surface-crosslinked gelatin
nanoparticles (GNP).[2!] As a protein crosslinker, DIC possesses a
toxicological potential derived from their ability to block ATP syn-
thesis and oxidative phosphorylation.[3* Therefore, it's important
to consider its biocompatibility after the surface-crosslinking of
gelatin nanoparticles. As a zero-length crosslinker, DIC is not
part of the formed peptide bonds and can be removed from the
nanosuspension using suitable purification methods. DIC used
for the crosslinking of gelatin nanoparticles can be considered to
be biocompatible concluded from in vitro cytotoxicity tests per-
formed after the purification of the final nanosuspension.*]

During pharmaceutical development, nanoparticles are typi-
cally thoroughly characterized regarding certain physicochemical
properties, that is, particle size, surface charge, or particle mor-
phology. Despite the aforementioned parameters offer a good un-
derstanding of the interactions between nano-sized drug carri-
ers and cells, further evaluation of additional particle attributes
can provide beneficial insights.?®] With elastic properties be-
ing one of the lesser researched particle characteristics, the de-
termination of these can open up new avenues in pharmaceutical
exploration and aid in comprehending nanoparticle behavior.l*®!
Despite stiffer particles often showing an enhanced cellular up-
take in vitro, this behavior is strongly dependent on the exam-
ined cell line and tissue type.***! In contrast, other studies
showed that softer particles are able to achieve a higher uptake
in a variety of cancer cell lines when compared to their stiffer
counterparts.** An additional study provided data on pro-
longed blood circulation time for softer nanoparticles in contrast
to harder carriers, underlining the relevance of elastic properties
in drug delivery.l”! This dissension in data regarding the various
effects of mechanical particle properties highlights the need for
further evaluations on this topic. Various methods exist for char-
acterizing the mechanical properties of nanomaterials, including
microfluidic approaches, quartz crystal microbalance methods,
micro-rheology, and atomic force microscopy (AFM).[*! How-
ever, with AFM being currently the only method to determine
the elasticity of single nanoparticles, it is the most accurate ap-
proach for the experiments conducted in this study. Atomic force
microscopy evaluates particle elasticity by measuring the deflec-
tion of the cantilever on a sample surface. The resulting inden-
tation of the cantilever tip into the nanoparticle can be plotted
against the applied force. From these force curves, particle elas-
ticities, calculated as Young’s moduli, can be obtained.[*’l Em-
ploying this principle, the mechanical properties of a variety of
nanoparticles have been evaluated in the past, including gelatin
nanoparticles.[3048-50]

In this study, we focus on the thorough characterization
of surface-crosslinked gelatin nanoparticles by investigation
of established particle attributes as well as their mechani-
cal properties. The utilization of gelatin as a natural poly-
mer for macromolecular drug delivery was additionally eval-
uated using a macromolecular model drug. The hitherto
applied method of nanoprecipitation for surface-crosslinked
gelatin nanoparticles®! was further refined, and an enhanced
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Table 1. Physicochemical properties of gelatin nanoparticles type A and B crosslinked for 24-72 h. From left to right: gelatin type, crosslinking time
(cl time), particle size measured as z-average, broadness of size distribution measured as polydispersity index (PDI), {-potential, extent of particle
crosslinking (cl extent), penetration depth of DIC (PD), entrapment efficiency of FITC-dextran (EE) and particle loading. N = 3 individual experiments.

Gelatin type cl time z-average PDI {-potential cl extent PD EE Loading

th] [nm] [mV] [%] [nm] [%] g mg™]
Type B 24 310354695 013940004  —3242+1.06  43.20+3.20 26.6 +0.34 35.58 + 6.49 16.99 + 3.1
Type B 72 261.55+12.85  0.175+0.014  -30.07+151  53.22+4.19 293+ 1.06 28.34 +3.89 13.49 + 1.89
Type A 72 49823 £33.12  0.164 +0.036 +4.82+134 5324123 450 +0.24 30.03 + 1.79 14.82+0.74
purification process was established. For the nanoparticles pro- %0 e GNPs type B
duced with this method, we were able to determine the degree B + GNPs type A
of crosslinking and connect our findings with other properties of 204 . =
the two types of gelatin and the particles’ mechanical attributes. £\
For the first time, particle elasticity of surface-crosslinked gelatin 104 \‘(\* x
nanoparticles was evaluated, revealing strong differences be- s \ P2
tween the gelatin types A and B. Particles loaded with a macro- E 4] i
molecule were also measured using AFM as a method for elas- % \\\ *
ticity determination. The novel findings presented in this study 2 -0 "
offer a deeper understanding of gelatin as a drug carrier matrix j; \\\

material, as well as an enhanced method of producing such de-
livery systems. Additionally, the results underline the importance
of the evaluation of mechanical properties for nanoparticles dur-
ing pharmaceutical development and are therefore critical to help
offset the data deficit in this particular area of research.!8

2. Results

2.1. Physicochemical Properties and Drug Loading

Surface-crosslinked gelatin nanoparticles were evaluated regard-
ing their physicochemical properties and their ability to effi-
ciently encapsulate macromolecular drugs. Table 1 provides an
overview of the particle properties for GNPs consisting of type A
or type B gelatin.

Particle size, measured as z-average, for GNP-B, decreases
with prolonged crosslinking time. For type A particles a doubling
in hydrodynamic diameter over type B particles could be observed
when crosslinked under the same conditions for 72 h. Crosslink-
ing for 24 h resulted in colloidally unstable particles for gelatin
type A. The significant difference in size between type B and type
A particles implies a less densely connected gelatin matrix, en-
abling the gelatin particles to swell to a higher extent as described
later in the manuscript within the section “evaluation of parti-
cle swelling” in more detail. The polydispersity index of all three
particle species was below 0.2 indicating a narrow particle size
distribution.®?! The ¢-potential of type B particles at pH 7 was
~—31 mV for both crosslinking times, showing that prolonged
incubation time with DIC has no impact on the particles’ charge.
For gelatin type A particles, the {-potential yielded a positive value
of 4.82 mV, indicating the expected dependency of the {-potential
on the type of gelatin used for particle preparation. For a more
in-depth analysis of the particles’ charge, a pH-dependent titra-
tion of the {-potential was performed. Figure 1 illustrates the ¢-
potential for GNP-A and GNP-B in the pH range of 2 to 10.

At an acidic pH of 2, GNPs type A show a positive {-potential
of ~25 mV, which subsequently decreases with a rising concen-
tration of hydroxide ions in the medium, until reaching a neutral
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Figure 1. {-potential of gelatin nanoparticles type A and B in the pH range
of 2 to 10. For GNPs type A, a positive surface charge could be measured
until eventually reaching the IEP at around pH 9.5. GNPs type B possess a
positive {-potential until pH 4.5, eventually changing to a negative charge
after passing the IEP. N = 3 individual experiments.

net charge at pH 9.5. After passing the isoelectric point (IEP),
particles become negatively charged. For GNP type B, a more
rapid decrease of the particles’ ¢-potential was observed. Start-
ing at 20 mV at pH 2, a swift decline to the IEP at pH 4.5 was
measured. Beyond the particles IEP, a negative ¢-potential could
be observed, eventually reaching a plateau phase at pH 7.

Regarding the crosslinking degree measured via 2,4,6-
trinitrobenzenesulfonic acid (TNBS) assay, a prolonged incu-
bation time with DIC from 24 to 72 h entailed an increase in
crosslinking extent from 43.20% to 53.22% (Table 1). GNP-A
expressed a significantly lower crosslinking extent (CE) of 5.32%
compared to type B particles. Derived from the crosslinking
degree, the penetration depth of DIC into the particle was calcu-
lated. Increasing the crosslinking time from 24 h of crosslinking
to 72 h, a slight increase in penetration depth could be observed
for type B particles. For type A particles crosslinked for 24 h, a
determination of the penetration depth was not feasible due to
the particles’ colloidal instability. After crosslinking the particles
for 72 h, the PD in gelatin type A particles is significantly lower
compared to type B particles crosslinked over the same time
span. For type A nanoparticles, DIC was able to crosslink only
a thin layer according to the penetration depth of merely 4.5 nm
into the particle.

Entrapment efficiency (EE) and drug loading of the particles
were evaluated after particle digestion with trypsin. The EE of
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Table 2. Poloxamer concentration in nanoparticle suspensions consist-
ing of GNPs type A or B before and after the purification process with
TFF. The suspensions before washing represent the positive control. After
washing, the Poloxamer content was below the limit of quantification of
0.01 mg mL~". N = 3 individual experiments.

Poloxamer concentration in suspension [mg mL™"]

Gelatin type Pre purification Post purification
Type A 1.22+0.26 <0.01
Type B 0.58 + 0.06 <0.01

FITC-dextran with a molecular weight of 150 kDa showed no
significant difference throughout all particle preparations. All
nanoparticles showed an entrapment of 28-35% of the model
drug. This finding indicates that crosslinking extent and gelatin
type are not substantive for the encapsulation capability of macro-
molecular drugs into the prepared gelatin nanoparticles. Align-
ing with the entrapment efficiency, the drug loading of the par-
ticles ranged from 13.49 to 16.99 pg drug per mg nanoparticles
absent of significant differences within the three distinct particle
types. Furthermore, the entrapment efficiency for GNPs type A
and B, crosslinked for 72 h respectively, was evaluated using a
smaller-sized FITC-dextran with a molecular weight of 70 kDa.
The results revealed a reduced EE for FITC-dextran 70 kDa of
6% for both particle types, compared to circa 31% for the larger
150 kDa molecule (Figure S2, Supporting Information). The cal-
culated loading was reduced in the same manner to ~3 pg mg™'.

2.2. Evaluation of the Purification Method

Poloxamer 188 is a triblock copolymer often used for colloidal
stabilization of nanoparticles in research, as well as in already
approved pharmaceutical products, positively effecting the par-
ticles’ hydrodynamic diameter, size distribution and reducing
agglomeration tendency.>*%! During nanoprecipitation of the
GNPs, poloxamer 188 was applied to the non-solvent phase ace-
tone in a concentration of 2.25% (w/v). To remove the free sta-
bilizer from the final suspension and maintain colloidally sta-
ble particles, tangential flow filtration was used as a purification
method. The purification capability of the TFF was evaluated by
performing a cobalt thiocyanate assay with a lower quantification
limit of 0.01 mg mL™ for poloxamer 188. For all three nanoparti-
cle species, the residual amount of stabilizer was below the limit
of quantification and therefore not measurable after 2 h of pu-
rification. With the remaining amount of free poloxamer in the
final suspension below 0.01 mg mL~!, it can be concluded that
the stabilizer is successfully removed from the system. All sam-
ples were tested against a blank and a positive control, contain-
ing the unpurified suspension. Table 2 provides an overview of
the poloxamer content of different nanosuspensions before and
after washing via TFF.

For the positive control of GNP-B, a poloxamer concentration
of 0.578 mg mL~! was observed, while for GNP-A the residual
concentration of stabilizer was 1.217 mg mL~!. The difference
in poloxamer concentration might be due to the smaller particle
sizes in the formulation prepared from gelatin type B, resulting
in alarger available surface area. Thus, this increased surface area
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(=70 times for 72 h-crosslinked particles; the area per poloxamer
is approx. 12.8 nm?>®! allowing to estimate the surface coverage)
would lead to a higher amount of adsorbed poloxamer. In both
cases, with a final residue of free poloxamer of under 0.001%,
the TFF purification method was regarded as sufficient for the
manufacturing procedure with respect to a potential application
of the colloidal suspension.

For the detection of unreacted DIC residues in the final
nanosuspension, gas chromatography (GC) was performed with
the supernatant of the suspension after centrifugation. The re-
spective chromatograms for type A and type B particles contained
no peak for DIC when compared to the chromatogram with the
crosslinker standard (see Figure S3, Supporting Information).
The absence of DIC peaks in the tested nanosuspensions implies
that the TFF purification method is suitable for the removal of
unreacted DIC from the final nanosuspension.

2.3. Evaluation of the Effect of the Crosslinking Time

In order to develop monodisperse gelatin nanoparticles, differ-
ent incubation times with DIC were investigated. Particles con-
sisting of the two gelatin types A or B were crosslinked with
694 pL of DIC respectively and incubated for 24, 72 or 120 h. Af-
ter crosslinking, the z-average and PDI of the purified particles
were measured via dynamic light scattering. Figure 2 shows par-
ticle size and size distribution for GNP types A and B at different
crosslinking times.

For gelatin type A particles, a clear dependency of particle size
and size distribution on the incubation time with DIC was ob-
served (Figure 2A). While 24 h of cl time provided insufficient
stabilization for the nanoparticles, indicated by a z-average above
700 nm and a PDI 0f 0.33, accompanied by visible agglomeration,
crosslinking for 72 h resulted in smaller, more monodisperse par-
ticles without agglomerates. Prolonging incubation time to 120 h
showed no statistical superiority over 72 h of crosslinking. The
significant reduction in particle size and PDI from 24 to 72 h of
incubation was crucial for choosing the lead formulation for type
A nanoparticles with a z-average of 498 nm and a PDI of 0.164.

GNP-B expressed no significant reduction in z-average with
extending crosslinking time (Figure 2B). A DIC incubation of
24 h was sufficient for producing colloidally stable nanoparticles
with desirable sizes of 310 nm and a PDI of 0.139. Derived from
these results for gelatin type B particles shown in Figure 2B, 24 h
crosslinked particles were chosen as the lead formulation while
72 h crosslinked particles, with a z-average of 262 nm and a poly-
dispersity index of 0.175, were further evaluated to ensure com-
parability between type A and type B particles.

2.4. Evaluation of Particle Swelling

As significant differences between GNPs type A and type B
were found during particle size evaluation, further experiments
were conducted to identify the origin of these discrepancies. An
obvious reason for a hydrogel material like gelatin might be the
swelling behavior. Thus, this was investigated for the distinct
particle species to check if the difference derives from particle
preparation or is in connection to the lower crosslinking extent.
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Figure 2. Impact of crosslinking time on z-average and PDI for gelatin type A particles (A) and gelatin type B particles (B). GNP type A shows a clear
dependency on crosslinking time with decreasing size and PDI for longer incubation with DIC. Twenty-four hours of crosslinking are insufficient for
stabilizing the nanoparticles, indicated by a high PDI, larger particles, and visible aggregates. After 72 h, a further reduction regarding the particle size
was non-significant compared to 72 h. For gelatin type B particles, 24 h of incubation is sufficient to obtain stable nanoparticles, signified by a low PDI.
Prolonging of the cl time showed no significant improvement in particle size and PDI. N = 3 individual experiments, *** =p < 0.001, ns = non-significant.
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Figure 3. Particle size and PDI of GNPs type A and B crosslinked for 24
or 72 h with DIC. While all three particle types express a similar z-average
when dispersed in acetone during nanoprecipitation, GNPs type A show
a strongly increased swelling ability when introduced to an aqueous envi-
ronment compared to type B particles. This effect remains present even
after lyophilization and resuspension of the particles. The PDI displays
minor differences between the three particle types and remains at ~0.2
after lyophilization, indicating a narrow size distribution. N = 3 individual
experiments, ** = p < 0.01, *** = p < 0.001.

The z-average of each particle type was measured in acetone
(unswollen state), Milli-Q water, and again after lyophilization
and resuspension in Milli-Q water (swollen state). The three
chosen measurements simulate the different stages during the
production of the nanoparticles, with acetone displaying the
particle size directly after nanoprecipitation and the subsequent
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crosslinking process, Milli-Q water the size of the particles after
TFF purification, and the third measurement condition the final
formulation after lyophilization and resuspension. In Figure 3
the data is presented for each GNP suspension respectively.

In the non-aqueous environment acetone, the three nanosus-
pensions showed similar particle sizes of ~200 nm in diameter.
Even though there is a slight trend, that with longer crosslink-
ing time the particles’ average diameter decreases, the discrep-
ancies are not significantly different for our experiments. When
introduced to an aqueous environment, such as Milli-Q water,
the z-average of type B particles crosslinked for 24 h increased
1.49-fold to 310 nm and for type B particles with a cl time of 72 h
1.33-fold to 261.55 nm. Nanoparticles consisting of gelatin type A
expressed a 2.3-fold increase in particle size to 498 nm. The size
expansion of the particles can be attributed to the swelling ability
of gelatin, due to water uptake in the hydrogel matrix, thus indi-
cating a more pronounced swelling ability for gelatin type A par-
ticles. After lyophilization of the particles, a result comparable to
the suspension in water before freeze drying could be observed.
In this case, type A particles showed an equal 2.3-fold increase in
z-average, whereas GNP-B with 24 and 72 h of crosslinking time
expressed a 1.31-fold increase in size. The results signify that the
swelling ability of type A and type B particles has remained after
lyophilization and correlates with the CE of the particles. Further-
more, the narrow size distribution (low PDI) is a good indicator
that the particles can be easily individually resuspended after the
drying process.

2.5. Evaluation of Particle Elasticity
Mechanical properties of the GNPs in the aqueous environment

were measured using atomic force microscopy. Force curves were
extracted from AFM images for each sample to determine the
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Figure 4. Selection of AFM images used for the calculation of Young’s moduli for GNP-A unloaded (A) and loaded (D) crosslinked for 72 h, GNP-B
crosslinked for 24 h unloaded (B) and loaded (E) and GNPs type B crosslinked for 72 h unloaded (C) and loaded (F). All samples were measured in
water at 37 °C. For loaded particles, the model drug FITC-dextran 150 kDa was used.

Young’s moduli of the distinct particles (Figure 4). For all sam-
ples, formulations showed single particles with no agglomerates
formed during the production or purification process. GNP-A
(4A) tend to show an increased particle diameter compared to
GNP-B (4B, 4C). There was no visible difference between the un-
loaded particles (upper row) and the nanoparticles loaded with
FITC-dextran 150 kDa (lower row). The overall particle size was
for all samples in a range between 200-500 nm in diameter and
corresponds to the sizes obtained by DLS.

The particle elasticity illustrated in Figure 5 is calculated as
Young’s modulus for the three particle types, either as pure GNPs
or loaded with FITC-dextran 150 kDa.

For nanoparticles consisting of gelatin type B, a clear depen-
dency of particle stiffness on crosslinking time was visible. While
blank particles crosslinked for 24 h possessed an average Young’s
modulus of 2716 kPa, those crosslinked for 72 h were signifi-
cantly stiffer with Young’s moduli of 3500 kPa. A similar trend
could be observed for FITC-dextran loaded GNPs type B, where
nanoparticles incubated for 72 h with DIC had a higher Young’s
modulus compared to particles with a shorter incubation time.
The observed increase in particle stiffness could also be regarded
as an implication for a higher crosslinking extent in these par-
ticles. For both type B GNPs, Young’s moduli were significantly
higher than for type A particles. Therefore, GNPs type A with
Young’s moduli of 249 kPa can be considered as comparatively
soft particles. The pronounced difference in the mechanical prop-
erties of type B and type A particles also indicates a less densely
crosslinked gelatin network for the latter.

The situation changed after the particles were loaded with a
macromolecular model drug. For loaded particles produced with
gelatin type B, a significant decrease of circa 500 kPa in particle
stiffness could be observed. This decline was visible in 24 and
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Figure 5. Elasticity of gelatin nanoparticles, depicted as Young's modulus,
for blank and FITC-dextran 150 kDa loaded particles. Type A particles show
significantly lower Young's moduli compared to type B particles and there-
fore are considered softer. While type B particles loaded with FITC-dextran
are less stiff than blank particles, loaded type A GNPs are stiffer than their
blank counterparts. N = 3 individual experiments, *** =p < 0.001.

72 h crosslinked particles respectively. For type A GNPs, a con-
trary effect was discovered. Particles loaded with FITC-dextran
showed an increase in particle stiffness from 249 to 765 kPa
(=3.1-fold increase). Nevertheless, when looking at the absolute
values, loaded type A particles remained significantly softer than
drug-loaded type B nanoparticles.
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3. Discussion

3.1. Physicochemical Properties and Drug Loading

Regarding the general physicochemical properties of surface-
crosslinked gelatin nanoparticles, significant differences be-
tween the two types of gelatin A and B were observed when us-
ing identical production procedures (Table 1). For better compa-
rability among type A and type B particles, type B nanoparticles
were crosslinked for 72 h, although also 24 h would have pro-
vided stable particles. In contrast to this, type A particles did not
show sufficient colloidal stability after 24 h. While the PDI for
all particle species ranges below the value of 0.2, which is com-
monly regarded as a narrow particle size distribution,*’>% the
particles’ hydrodynamic diameters show significant differences.
The AFM images of the distinct particles validate the dynamic
light scattering data by displaying a size range of the nanopar-
ticles between 200 and 500 nm, with type A particles tend-
ing toward an increased particle diameter (Figure 4). Particles
of the obtained sizes show significant uptake by macrophages
in the literature.[*¢!l Macrophages as potential targets are of
increasing interest, for example, for interfering with chronic
inflammations!®! or specific repolarization of macrophages for
anti-tumor therapy.l®*®* Thus, these interactions can be impor-
tant for future applications of surface-crosslinked GNPs, as in-
ternalization and decomposition of the particles by macrophages
represent a possibility for the release of encapsulated drugs.
Combining the low PDI of the produced nanoparticles with the
ability for macrophage uptake, the developed systems is suitable
for intended further parenteral applications. Further, no particle
agglomeration could be observed during imaging, underlining
the favorable PDI of below 0.2. As the amount of crosslinker DIC
was kept constant during all experiments, changes in particle size
can be explained both by incubation time (cl time) and the type
of gelatin used.

For the incubation time, type B particles were crosslinked for
24 and 72 h respectively, with nanoparticles crosslinked for a
longer time displaying only a slight decrease in z-average. This
effect was also partly observed in previous studies.?!l Baseer
et al. used DIC concentrations of 5 and 15 mg mL™", where only
the high crosslinker concentration had an impact on the parti-
cle size, resulting in smaller particles for prolonged incubation
time. A lower DIC concentration of 5 mg mL™!, comparable to
the 4.6 mg mL™! applied in this study, had no effect on the par-
ticles’ z-average. Nevertheless, it is important to mention that
temperature during crosslinking was kept constant in our ex-
periments while it was varied in the aforementioned study.?!]
The phenomenon of decreasing particle sizes with increasing
crosslinking time has also been shown for gelatin nanoparticles
crosslinked with glutaraldehyde, with particles crosslinked for
3 h consisting of smaller sizes compared to particles crosslinked
for 0.5 h.3% It was also observed, that with prolonged incuba-
tion time, the crosslinking extent for type B particles was raised
by 10%. This increase implies that the crosslinking reaction be-
tween DIC and the amino acids in the gelatin matrix is not fully
completed after 24 h of crosslinking. By becoming more densely
interconnected from 24 to 72 h of incubation, the gelatin net-
work tightens and is therefore not able to swell to the extent of
shorter crosslinked particles in water, hence resulting in smaller
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nanoparticles when immersed in an aqueous environment. The
evaluation of particle swelling behavior is discussed further in the
section “evaluation of particle swelling”. The increased crosslink-
ing extent is accompanied by a slightly deeper penetration depth
of DIC into the particles, enlarging the crosslinked surface vol-
ume (Table 1). This observation aligns with the hypothesis of a
more rigid and denser connected gelatin network with longer
crosslinking time. This condensation of the network has also
been observed for gelatin incubated with formaldehyde as a
crosslinker.[®] The effect of a rising crosslinking extent with
increasing crosslinking time has been described in the litera-
ture for the chemical crosslinkers glutaraldehyde and genipin as
well.[30:66]

Apart from different incubation times, the type of gelatin
used for particle preparation has a strong impact on the size of
gelatin nanoparticles (Table 1). To explain this effect, a depiction
of the crosslinking reaction between DIC and gelatin is crucial
(Figure 6).

As shown in Figure 6, DIC reacts with carboxyl groups pro-
vided by the acidic amino acids glutamic acid and aspartic
acid in the gelatin structure. Due to the alkaline pre-treatment
of gelatin type B, further described in the introductory part,
the amino acids glutamine and asparagine are converted to
their acidic counterparts glutamic acid and aspartic acid. This
process results in circa 65% more glutamic and aspartic acid
in type B gelatin compared to type A gelatin.*’] The consid-
erably lower presence of these acidic amino acids in gelatin
type A leads to a significantly reduced crosslinking extent in
this particle type (Table 1). A similar explanation has been
given by Kuijpers et al. for gelatin crosslinked with 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC).[®] Potentially, the
penetration depth of DIC is decreased as well, leaving the
gelatin network mainly uncrosslinked except for a thin layer
surrounding the particles’ surface, calculated with a thickness
of 4.5 nm. This offers an explanation for the nanoparticles’
increased z-average, leaving the gelatin network in a state of
less dense interconnection and therefore enabling a more pro-
nounced swelling for the particles in aqueous environments.
The low penetration depth of DIC into the particles is also a
major advantage for macromolecular drug delivery, as less in-
corporated drug can be involved in the crosslinking process,
enabling a higher delivery of therapeutically active drug to the
target.

The differences in amino acid composition between type A and
type B gelatin were also confirmed by ¢-potential analysis of the
two distinct particle types (Figure 1). Type A gelatin particles pos-
sess a surface charge of +4.82 mV at pH 7 compared to —30.07
mV for type B particles. These findings confirm an isoelectric
point for gelatin type A in the basic pH range and for gelatin type
B in the acidic milieu, derived from excess of acidic amino acids,
which aligns with literature findings.!*!

Regarding the entrapment efficiency and loading of the macro-
molecular model drug FITC-dextran 150 kDa, no significant
disparity between type A and type B particles was determined
(Table 1). This is most likely linked to the fact that the prepara-
tion and particle formation are similar for the two approaches
and thus involving the cargo in the same way. Crosslinking
then happens after successful loading, providing particle stabil-
ity and a diffusion barrier for the incorporated non-crosslinked
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Figure 6. Overview of the crosslinking mechanism for DIC and gelatin. DIC reacts with carboxyl groups provided by acidic amino acids in the gelatin
network. After the formation of O-acylisourea as an intermediate product, primary amino groups are linked to carboxyl groups, forming a peptide bond.
As a zero-length crosslinker, DIC is not part of the final product, instead forming N,N’-diisopropylurea as a byproduct.

macromolecules. From this observation, we can conclude that the
gelatin type has no impact on the particles ability to successfully
entrap the model drug. With the considerably higher cl extent
and DIC penetration depth of type B particles over type A par-
ticles, nanoparticles consisting of gelatin type A gain an advan-
tage in macromolecular drug delivery, as less drug is prone to
crosslinking from DIC. This finding is especially of interest as in
literature mainly type B surface-crosslinked particles have been
evaluated for macromolecular drug delivery.?!l Further, our re-
sults are in contrast to experiments carried out on glutaraldehyde
core-crosslinked gelatin particles, in which a longer crosslink-
ing time and therefore a higher crosslinking extent results in
higher drug loading.’*¢°) These contrary results underline the
value of surface-crosslinked nanoparticles, as a constant drug
loading could be achieved independent of the crosslinking ex-
tent. The average EE of ~31.3% for all three particle types is in
the same region as the entrapment in previous studies performed
on surface-crosslinked GNPs.I**] As macromolecular drugs, such
as monoclonal antibodies or therapeutic proteins, are generally
substances with a strong target specificity and high in vivo effi-
cacy, only low doses of these drugs need to be administered.!”"]
Derived from these specific advantages of biopharmaceuti-
cals, the entrapment efficiency of the developed nanoparti-
cles is sufficient for further applications as a drug delivery
system.

The constant loading, independent of the gelatin type, was
measured for the entrapment of FITC-dextran 70 kDa as well.
While the overall entrapment efficiency and loading were re-
duced with the introduction of a smaller model drug, no dif-
ferences between GNPs type A and type B could be observed
(Figure S2, Supporting Information). A similar effect was ob-
served in a study conducted on surface-crosslinked GNPs loaded
with FITC-dextran of different molecular weights.[**! The lower
EE and loading is likely due to the facilitated release of the smaller
model drug through the pores in the gelatin network. The hin-
dered diffusion of larger-sized molecules from a gelatin matrix
was also described for glutaraldehyde crosslinked gelatin parti-
cles, pointing at a physical hinderance caused by the crosslinked
network 5]

Macromol. Chem. Phys. 2025, 226,2400513 2400513 (8 of 14)

3.2. Evaluation of the Purification Method

The gelatin nanoparticles developed in our study were puri-
fied from poloxamer 188 and unreacted DIC residues using
tangential flow filtration. This method is widely used for the
purification and concentration of nanoparticle suspensions and
is considered to be an especially gentle method for these drug
delivery systems.l”*73] While gelatin nanoparticles are often pu-
rified via centrifugation, this method proved to be inadequate for
surface-crosslinked particles during the early development phase
by leading to particle destruction and non-redispersible pellet
formation.[”#7>51 Therefore, a previously described TFF method
for surface-crosslinked gelatin particles was used and refined
in terms of process efficiency by increasing the flow rate of the
substrate.l*] Applying the enhanced method, it was possible to
reduce filtration time from 8 to 2 h while maintaining the purifi-
cation efficiency for the stabilizer and the unreacted crosslinker.

Tangential flow filtration is a suitable method for the removal
of different stabilizers in nanosuspensions.l’?! After a purifica-
tion time of 2 h, all residues of free poloxamer were successfully
removed from our nanosuspension (Table 2), leaving the samples
with a stabilizer content of below 0.01 mg mL~!, thus prevent-
ing the poloxamer to cause interferences during AFM imaging in
subsequent experiments. Poloxamer 188 is an FDA-approved ex-
cipient for parental applications,!**) also commonly used in con-
centrations above 0.01 mg mL~1."7] On this basis, it can be con-
cluded, that the reduction of free poloxamer below 0.01 mg mL"~!
in our system is equivalent to a successful removal of the stabi-
lizer from our final nanosuspension.

The dissimilarity between the initially used amount of stabi-
lizer and the measured amount in the positive control can be
caused by multiple dilution steps, including transfers of the sus-
pension into different reaction vessels. As a stabilizer, poloxamer
enriches at interfaces, such as liquid—solid-interfaces between
nanosuspension and the walls of the reaction vessel, causing a
loss of stabilizer with each transferring step.

The applied crosslinker DIC is generally regarded as a toxic
compound, emphasizing the need of a thorough purification
method.”#801 After the TFF purification of our particles, no
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unreacted DIC residues could be observed using gas chromatog-
raphy (Figure S3, Supporting Information). The absence of a DIC
peak in comparison to the DIC standard rates our purification
method as suitable for the removal of crosslinker residues. With
both undesirable residues successfully purged from the nanosus-
pension, the refined TFF method could be used in the develop-
ment of surface-crosslinked gelatin nanoparticles.

3.3. Evaluation of the Effect of the Crosslinking Time

During the production of gelatin type B particles, a longer cl time
has no significant impact on the particle size and PDI (Figure 2B).
This aligns with the crosslinking extent after 24 h, being as high
as 43.20% and therefore providing enough crosslinked functional
side groups to obtain colloidally stable gelatin nanoparticles. Pro-
longing the incubation time above 24 h offers no advantages
regarding the particle size and overall stability but resulted in
higher Young’s moduli. A different study also performed on DIC
crosslinked gelatin type B particles, where particle size and PDI
were monitored, concurs with these findings.*>! This plateau
with no significantly beneficial changes to particle size and sta-
bility has also been described for other crosslinkers, such as glu-
taraldehyde or transglutaminase.!1430:81]

For nanoparticles consisting of gelatin type A, a contrary be-
havior was observed (Figure 2A). While particles crosslinked
for 24 h showed larger hydrodynamic diameters and high PDIs
above 0.3, nanoparticles incubated for 72 and 120 h respec-
tively displayed a more uniform size distribution and a decrease
in particle size. Considering a crosslinking extent of 5.32% for
72 h crosslinked particles, it can be concluded that stable and
monodisperse particle formation after 24 h for type A gelatin
is not feasible due to an insufficient crosslinking of the gelatin
network, leading to a polydisperse particle size distribution and
visible agglomerates after the preparation process (Figure 2A). A
continuation of DIC incubation after 72 h offers no additional
benefits regarding particle stability, hence the 72 h crosslinked
particles were chosen for all further experiments.

3.4. Evaluation of Particle Swelling

The swelling of the produced nanoparticles was evaluated to gain
additional information on the effect of surface-crosslinking on
the gelatin network. The swelling of gelatin as a hydrophilic
polymer and its derived nanostructured drug carriers is well
described in the literature for core-crosslinked systems.[82-84]
However, there is a lack of data on the swelling behavior of
surface-crosslinked gelatin particles. For this study, three dif-
ferent swelling scenarios were observed, representing the three
stages in surface-crosslinked GNP production.

At first, the initial nanosuspension in acetone was evaluated,
showing no differences in size between the three particle species
(Figure 3, left). As a water-soluble polymer, gelatin is not prone
to significant swelling in organic solvents.[®] These findings
align with our hypothesis of surface-crosslinking, using a water-
insoluble crosslinker to avoid the penetration of DIC deep into
the hydrophilic particle core.

For particles suspended in water after the TFF process, clear
differences between gelatin type A and type B particles are vis-
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ible (Figure 3, middle). When in contact with aqueous environ-
ments, the porous gelatin network allows water to permeate into
the particle.[®2 Therefore, for a denser crosslinked network, less
water can be absorbed and associated with the functional groups,
resulting in a smaller particle size.’*¥”] As gelatin type A par-
ticles possess a circa ten times lower crosslinking extent com-
pared to type B particles, the overall less densely crosslinked net-
work allows for higher water uptake. In addition, the system has
more degrees of freedom to arrange in space. Both aspects lead
to a pronounced particle swelling. Minor differences in swelling
for type B particles crosslinked for 24 and 72 h can be explained
with an equal mechanism but a higher restriction of the gelatine
molecules in space.

The final drug delivery system was redispersed in water after
lyophilization to form a nanosuspension (Figure 3, right). The ef-
fect on the completely dried particles was similar to the nanopar-
ticles before freeze-drying, indicating that the gelatin network
architecture is not affected by the drying process. Further, aggre-
gation of nanoparticles after lyophilization is a known obstacle
during particle formulation, often tackled by the addition of stabi-
lizers or cryo- and lyoprotectants.[®#] Displaying no increase in
the intensity-weighted particle diameter, the developed surface-
crosslinked nanoparticles are stable even in the absence of addi-
tional excipients. Additionally, the PDI of all three particle types
after lyophilization is 0.2, underlining the good redispersibility
of the GNPs and the absence of larger agglomerates after freeze-
drying. As interactions between these excipients and nanopartic-
ulate formulations cannot be ruled out completely, the absence
of additional compounds is clearly an advantage of the system.

3.5. Evaluation of Particle Elasticity

Looking at the observed size and swelling effects, the mechani-
cal properties of the GNPs become of special interest. The me-
chanical properties of surface-crosslinked gelatin nanoparticles
were measured using atomic force microscopy in the QI™.
mode. Multiple images per sample were gathered for data as-
sessment (Figure 4). Young’s modulus was used as a parame-
ter to determine nanoparticle elasticity, representing an estab-
lished method to measure the elastic properties of particles.[?*91]
For gelatin type B particles, a clear dependency on crosslink-
ing time could be observed from AFM measurements (Figure 5,
left and middle). The Young’s moduli and therefore the parti-
cle elasticity increased with crosslinking duration. This effect
can be explained by the higher crosslinking extent of nanopar-
ticles incubated for 72 h compared to the 24 h particles. The
increase in density of the gelatin network hinders the mobil-
ity of peptide chains. Furthermore, the crosslinking depth is
increasing, thus leading to a stiffening of the nanoparticles. A
similar effect was observed for gelatin nanoparticles crosslinked
with glutaraldehyde.[*¥) Additionally, a correlation between the
crosslinking extent and the particles’ stiffness has been described
for other nanoparticles in the same manner.*?! For the overall
elasticity of the surface-crosslinked particles, it could be shown,
that the developed particles possess much lower Young’s mod-
uli compared to core-crosslinked gelatin nanoparticles. While
the particles crosslinked with the water-soluble compound glu-
taraldehyde displayed Young’s moduli of ~14.26 MPa when
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crosslinked for 3 h, the surface-crosslinked particles had val-
ues of 2.7 MPa.l’% This data is perfectly in accordance with the
crosslinking extent and the swelling behavior of the particles.
With respect to potential applications, the demonstrated softness
of surface-crosslinked gelatin particles can be beneficial.[** For
example, it was described in the literature that softer nanoparti-
cles showed increased drug delivery potential to the target side
and, dependent on the uptake pathway, the particle material,
and cell type, an enhanced uptake in tumor cells, resulting in
higher efficacy and a reduction in therapy accompanying adverse
effects.[#294-%]

Type B gelatin particles loaded with the macromolecular
model drug FITC-dextran 150 kDa displayed significantly lower
Young’s moduli compared to their blank counterparts (Figure 5,
left and middle). This effect could be observed in both, 24 and
72 h crosslinked particles. Weiss et al. described an analogous
finding for core-crosslinked particles, also loaded with FITC-
dextran.3% As FITC-dextran possesses a carboxyl group itself,
which can be crosslinked by DIC, a decrease in Young’s modulus
is rather unexpected. One possible explanation can be an interca-
lation of FITC-dextran molecules between the peptide chains in
the gelatin network. This disturbance of the network can result
in increased agility of the polymeric network and therefore lead
to a softening of the particle. This would also be an explanation
for the reduced Young’s moduli in the aforementioned study
by Weiss et al., as FITC-dextran cannot be crosslinked by glu-
taraldehyde due to a lack of free primary amino groups, while
lysozyme, the alternatively loaded model drug, can be crosslinked
by the aldehyde.l*"] For lysozyme-loaded particles, there was no
significant effect on the particles’ elasticity measurable while
for FITC-dextran-loaded nanoparticles, the interference of the
gelatin network caused by the non-crosslinked macromolecule
led to a softening of the particles. Another approach could be that
the carboxyl group of FITC-dextran undergoes a steric hindrance
from the large dextran appendix and the tricyclic xanthene struc-
ture, thus making it less accessible for DIC crosslinking. With
these results taken into account, a disturbance of the gelatin
network combined with a low affinity for crosslinking presents
a plausible explanation for the decrease in Young’s moduli for
loaded gelatin particles compared to blank nanoparticles.

Regarding the mechanical properties of gelatin type A par-
ticles, a significant reduction in particle elasticity could be ob-
served (Figure 5, right). This decrease in particle stiffness can be
attributed to the less densely crosslinked gelatin network, result-
ing in a much lower crosslinking extent and penetration depth for
DIC compared to type B particles. A relation between the density
of the gelatin network and the alteration of mechanical proper-
ties has been described for gelatin type A, where a more densely
crosslinked networked was accompanied by an increase in parti-
cle stiffness.l””! The decreased Young’s modulus can additionally
be attributed to the larger size and more pronounced swelling
ability of the nanoparticles, as these result in higher overall agility
of the gelatin chains in the network. The considerably softer type
A particles can represent novel drug carriers for modified drug re-
lease, as previous studies had shown that softer particles showed
a delayed uptake by macrophages and lung cells as well as pro-
longed blood circulation time.[*>%%!] This prolonged circulation
time could open up new possibilities for the particles to be used
for medium- or long-term drug delivery. A study carried out by
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Merkel et al. showcased a clear dependency of circulation time
on hydrogel particle elasticity, with softer particles possessing in-
creasing elimination halflives compared to stiffer particles.[*®)
Softer nanoparticles also displayed reduced splenic accumulation
and therefore a prolonged blood circulation time in vivo.[*’]

The FITC-dextran loading of gelatin type A nanoparticles
showed contrary results to loaded type B particles (Figure 5,
right). For the softer GNP-A, an increase in Young’s modu-
lus for loaded particles could be determined. Particle stiffen-
ing attributed to drug loading has been described for polymeric
particles before, however, these particles were not crosslinked
and a small molecule was used for drug encapsulation.”! As
gelatin type A possesses significantly fewer crosslinkable car-
boxyl groups compared to type B, the crosslinking reaction is con-
siderably slower, also reflected in the evaluation of crosslinking
time (Figure 2, right).l®”] The additional presence of crosslinkable
groups introduced by FITC-dextran, despite their reduced acces-
sibility, might be impactful for this reaction. Regarding the low
amount of carboxyl groups in type A gelatin, the reaction could
proceed by crosslinking the unfavored groups of the model drug.
This process is more likely to happen in type A gelatin, as type B
gelatin can provide enough carboxyl groups for crosslinking by
itself. Through this mechanism, an increase in Young’s modu-
lus for loaded type A particles is conceivable by the densening of
the crosslinked gelatin network. Another explanation, which has
not yet been evaluated, could be derived from charge-dependent
effects from the loaded model drug. While GNP-B possesses a
negative charge at pH 7, the {-potential of type A nanoparticles
is positive (Figure 1). FITC-dextran has a documented pKa value
of ~5.9, leaving the majority of the model drug in a dissociated,
negatively charged state at neutral pH.[1%] For GNPs type A, at-
tractive forces between the gelatin matrix and the FITC-dextran
can be assumed, while for nanoparticles composed of gelatin type
B repulsive forces between the model drug and the gelatin might
appear. These repulsive forces could lead to a disturbance in the
crosslinked matrix and therefore weaken the overall structure of
the network, finally resulting in softer nanoparticles.

4. Conclusion

An approach for producing surface-crosslinked nanoparticles
consisting of two distinctive types of gelatin using the hydropho-
bic crosslinker DIC was established. We were able to develop
nanoparticles in a desirable size range of 250-500 nm with nar-
row size distributions. The macromolecular model drug FITC-
dextran was successfully encapsulated in our particles, indepen-
dent of the particles’ size, crosslinking extent, and surface charge.
Therefore, we accomplished the development of two distinct,
yet equally suitable drug delivery systems for macromolecules,
circumventing the negative effects from the crosslinker on the
majority of the encapsulated drug. The entrapment efficiency
of circa 31% of the system is suitable for the delivery of highly
potent biopharmaceutical drugs. The different chemical compo-
sitions of the two types of gelatine resulted in different num-
bers of crosslinkable groups available. Thus, huge differences in
crosslinking extent were obtained. In consequence, both surface-
crosslinked types of GNPs display significantly different swelling
behavior while conserving the colloidal characteristics. Originat-
ing from these differences, the mechanical properties of GNPs
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type A and B differed from each other, leading to softer particles
for gelatin type A. Both particle types showed severely decreased
Young’s moduli compared to core-crosslinked gelatin particles.
The overall softness of the particles, as well as the variety between
the two particle species, open new ways for their application in
drug delivery. For stiffer type B particles, a faster uptake and
therefore drug release at the target would be conceivable while for
softer type A particles longer blood circulation time and slower
uptake could be useful for long-acting drug administration in fu-
ture studies. Loading of the particles showed different impacts
in respect to the gelatin type, leading to a particle softening for
type B particles and a stiffening in type A particles. In conclu-
sion, the thorough characterization of surface-crosslinked GNPs,
both physicochemically and mechanically, provides a deeper un-
derstanding of gelatin nanoparticles for macromolecular drug de-
livery and emphasizes the role of elastic particle properties dur-
ing pharmaceutical development.

5. Experimental Section

Nanoparticle Preparation: Surface-crosslinked gelatin nanoparticles
were produced using a refined nanoprecipitation method based on Baseer
et al.2'l Depending on the preferred type of particles, gelatin type A
(Bloom strength 90, Merck KGaA, Darmstadt, Germany) or type B (Bloom
strength 75, Merck KGaA, Darmstadt, Germany) was dissolved in 1 mL
Milli-Q water (Merck KGaA, Darmstadt, Germany) at 50 °C in a concen-
tration of 20 mg mL~". Gelatin solution (1 mL) was dispersed via syringe
pump (Harvard Apparatus, Holliston, MA, USA) at 0.25 mL min~" in
15 mL of acetone containing 2.25% (w/v) Poloxamer 188 (Merck KGaA,
Darmstadt, Germany) on a stirring plate (IKA-Werke GmbH and CO.
KG, Staufen, Germany) at 750 rpm. After precipitation, particles were
crosslinked using 694 pl DIC 69.17% (Merck KGaA, Darmstadt, Germany)
in acetone. Crosslinking was conducted for 24 to 72 h at room temperature
(RT) and constant stirring at 750 rpm. After incubation with DIC, 5 mL of
the nanosuspension was transferred to 35 mL of Milli-Q water and stirred
overnight at RT and 200 rpm for acetone evaporation.

Nanoparticle Purification: For purification, the aqueous nanosuspen-
sion was filtered through a 0.8 um polycarbonate membrane (Whatman
Nuclepore Track-Etched-Membrane, Merck KGaA, Darmstadt, Germany)
and diluted with Milli-Q water to 300 mL. Subsequently, the suspension
was purified via tangential flow filtration (TFF) using two Vivaflow 200
membranes (Sartorius AG, Géttingen, Germany) in serial connection for
2 h. After purification, the suspension was concentrated to 50 mL us-
ing the same TFF system. Purified surface-crosslinked GNPs were then
freeze-dried (Alpha 3—4 LSCbasic, Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) and stored at 4 °C until further use.

Fluorescein isothiocyanate dextran (FITC-dextran) loaded GNPs were
produced by the addition of 1 mg FITC-dextran 150 kDa or 70 kDa (TdB
Labs, Uppsala, Sweden) to the gelatin solution before nanoprecipitation.
Nanoparticles were then manufactured and purified according to the un-
loaded particles.

Purification Method Evaluation—Evaluation of Poloxamer 188 Residues:
Poloxamer 188 residues were evaluated by a colorimetric assay based
on the formation of cobalt thiocyanate complexes with poloxamer.'%7 In
brief, 5 mg of freeze-dried GNPs were redispersed in 10 mL Milli-Q water
and centrifuged at 20 000 x g for 20 min. Two milliliters of supernatant,
2 mL of ethyl acetate (Merck KGaA, Darmstadt, Germany) and 1 mL of
cobalt thiocyanate solution (obtained by dissolving 20 g ammonium thio-
cyanate and 3 g cobalt (Il) nitrate (both Merck KGaA, Darmstadt, Ger-
many) in 100 mL Milli-Q water) were mixed and centrifuged at 1000 X g
for 5 min. The upper two layers composed of water and ethyl acetate were
discarded and the pellet was redispersed with 2 mL ethyl acetate. The pro-
cess was repeated until the upper layer was colorless. Subsequently, the
pellet was dissolved in 10 mL of acetone and the absorbance was mea-
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sured against a blank at A = 624 nm using a plate reader (Tecan infinite
M200, Tecan Trading AG, Minnedorf, Switzerland). Poloxamer 188 con-
tent was calculated based on calibration data with a limit of quantification
of 0.1 mg mL~". A positive control, containing GNPs before TFF purifica-
tion, was treated likewise for type A and type B particles.

Purification Method Evaluation—Evaluation of DIC Residues: The pres-
ence of unreacted DIC residues was evaluated using gas chromatogra-
phy (GC).12" Five milligrams of lyophilized GNPs were dispersed in 5 mL
dichloromethane (Merck KGaA, Darmstadt, Germany) and centrifuged at
20 000 x g for 20 min. The supernatant was withdrawn and analyzed us-
ing a gas chromatograph equipped with a flame ionization detector (Shi-
madzu GC-2010, Kyoto, Japan). A DIC solution, containing 2 mg mL~" DIC
in dichloromethane, was prepared as a standard.

Nanoparticle Characterization—Particle Size and {-Potential: The size
and polydispersity index (PDI) of the nanoparticles were measured us-
ing the z-average obtained via dynamic light scattering (Zetasizer Ultra,
Malvern Panalytical, Malvern, UK). Samples were diluted tenfold with
Milli-Q water before measurement.

{-potential was evaluated using a pH titration method, ranging from
pH 2 to pH 10. Sample preparation was performed by dispersing 5 mL
of the nanosuspension in 10 mL Milli-Q water and adjusting the pH to 2
with 0.5 m HCl. Titration was then carried out using an autotitrator (MPT-
2, Malvern Panalytical, Malvern, UK) in combination with the Zetasizer
Ultra. ¢-potential was measured via electrophoretic light scattering.

For the analysis of particle swelling behavior, sizes were determined ei-
ther in acetone, representing the unswollen state, or Milli-Q water at pH
7 demonstrating the swollen state of the particles. For each experiment,
the particles were diluted tenfold with the respective dispersant. All exper-
iments were conducted as a technical and experimental triplicate.

Nanoparticle Characterization—Crosslinking Extent and Penetration
Depth: The crosslinking extent (CE) of the GNPs obtained through
DIC crosslinking was evaluated using a 2,4,6-trinitrobenzenesulfonic acid
(TNBS) assay to determine uncrosslinked e-amino groups.[?] For anal-
ysis, 5 mg lyophilized, crosslinked GNPs were dispersed in 1 mL 4%
sodium bicarbonate solution followed by the addition of 1 mL 0.5% TNBS
solution (both Merck KGaA, Darmstadt, Germany). For complete reaction,
the suspension was heated to 40 °C for 4 h. After the incubation time,
3 mL of 6 N HCl were added before hydrolyzing the gelatin for 1h (120 °C,
1.03-1.17 bar). After dilution to 10 mL with Milli-Q water, 5 mL ethyl ac-
etate was added to extract unreacted TNBS. The procedure was repeated
until complete colorlessness of the organic phase was observed. Subse-
quently, a 5 mL aliquot was withdrawn, and absorbance was measured at
A =349 nm via plate reader against a blank. As a reference, uncrosslinked
gelatin particles were prepared and measured in an according manner. The
crosslinking extent was then calculated according to a method described
by Khan et al.l>]

Penetration depth (PD) of the crosslinker into the gelatin matrix was
approximated using Equation (1).
r — (r, — PD)’

CE= (M

3
r
p

with CE representing the crosslinking extent in percent, r, the particle ra-
dius, and PD the penetration depth. The equation was valid assuming that
the authors have a full and homogeneous crosslinking which was then
transferred to the dimension of the particle assuming the crosslinking den-
sity to be unchanged. A more detailed derivation of Equation (1) can be
found in Figure S1 (Supporting Information).

Nanoparticle Characterization—Entrapment Efficiency and Loading: To
determine the encapsulation of FITC-dextran 150 and 70 kDa in the GNPs,
the fluorescence intensity of loaded FITC-dextran was evaluated after par-
ticle digestion.[>"] Briefly, 2 mg of lyophilized GNPs were suspended in
5 mL phosphate-buffered saline (PBS) at RT. After the addition of 0.5 mg
trypsin (AppliChem GmbH, Darmstadt, Germany) per mg gelatin, the par-
ticles were digested at 37 °C for 6 h. The obtained solution was filtered
through 0.22 pm polyethersulfone membranes before measuring fluores-
cence emission intensity at A = 520 nm with an excitation wavelength of
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Aey = 485 nm. The entrapment efficiency (EE) was calculated using Equa-
tion (2).

EE— Mass of FITC — dextran measured (mg)
" Mass of FITC — dextran used (mg)

x 100 @

The loading of the GNPs was evaluated by use of the following Equa-
tion (3).

Mass of FITC — dextran measured (ug)
Mass of GNPs (mg)

Loading = (3)

Nanoparticle Characterization—~Particle Elasticity: The elastic proper-
ties of gelatin nanoparticles were evaluated using AFM. Sample prepara-
tion and measurement were based on a method by Weiss et al.[3) In brief,
silica wafers (Plano GmbH, Wetzlar, Germany) were sonicated for 5 min
in an ultrasonic bath (EImasonic B, EIma Schmidbauer GmbH, Singen,
Germany) in high-purity ethanol (Merck KGaA, Darmstadt, Germany) to
remove any contaminating residues. After purification, wafers were dried
under nitrogen gas. For GNP-B, wafers were incubated with an aqueous
1% branched polyethyleneimine (bPEI) 25 kDa solution (Merck KGaA,
Darmstadt, Germany) for 15 min in order to gain positively charged coated
wafers. Excess bPEI was removed with Milli-Q water and silica wafers were
left for drying. Subsequently, one drop of sample suspension was placed
on the wafer and incubated for 1 min. Following incubation, the wafer was
rinsed with Milli-Q water and stored in liquid until the measurement was
performed.

For GNP-A, one droplet of nanosuspension was placed on the uncoated
wafer surface and incubated for 10 min. Afterward, the excess sample was
removed with Milli-Q water and likewise stored in liquid until AFM mea-
surements were conducted on the same day.

AFM images were obtained using a JPK NanoWizard 3 AFM (JPK Instru-
ments, Berlin, Germany) with samples measured in an aqueous environ-
ment at 37 °C. For force spectroscopy, the AFM was equipped with a MLCT
cantilever (Bruker France Nano Surfaces, Wissembourg, France) using the
tip D of the cantilever with a spring constant of 0.03 N m~! and a nominal
resonance frequency of 15 kHz. Spring constant and sensitivity were cali-
brated prior to the measurements by the thermal noise method!'%?) on a
blank silica wafer. For data acquisition, the AFM was used in a quantitative
imaging mode (QI™)-mode), setting the image dimensions to 5 x 5 um
or 10 X 10 pm with a final resolution of 128 x 128 pixels. Pixel dwell time
was set to 50 ms with 700 um z-height while a loading force of 1 nN was
applied.

The obtained AFM images with underlying force data were processed
with the JPK SPM Data Processing software (version 6.1.172, JPK Instru-
ments, Berlin, Germany). For each particle, four pixels, taken from the
particle center, were evaluated extracting the underlying force—distance
curves. For calculation of the Young’s moduli, each force curve was treated
with a series of data processing measures.[>%] Concisely, the spring con-
stant and sensitivity of the cantilever obtained by calibration were applied
to set the cantilever deflection. For vertical offset correction, the base-
line was subtracted and the contact point between the tip and the sam-
ple surface was defined. Subsequently, a tip-sample separation was per-
formed before the force curves were fitted using an alteration from the
Hertz model for quadratic pyramidal probes.['%] The Young’s moduli of
all four force-distance curves per particle were averaged, resulting in 30
values per sample in total.

Data Evaluation and Statistics: ~ All data was evaluated using OriginPro
2021b software (version 9.8.5.212, OriginLab Corporation, Northampton,
MA, USA). For statistical analysis between two data sets a two-sample t-
test was performed. Multiple data sets were evaluated by using one-way
ANOVA with a Bonferroni post hoc test. All original data presented in this
paper was obtained by an experimental triplicate.
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