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ABSTRACT
Nanogels for biomedical applications require polymeric building blocks that show high hydrophilicity and (thermo-)responsive 
properties without immune response risks. Polysulfoxides offer these advantages but have not yet been translated to 3-dimensional 
colloidal materials. To examine their potential as alternatives to established systems, we developed a synthetic platform with 
synthetic control and chemical versatility. For this, we utilize the thermo-responsive properties of a polymethacrylate with pro-
pyl sulfoxide side groups, that is, poly(2-(n-propyl-sulfoxide)ethyl methacrylate) (P(nPr-SEMA)). Its phase transition near body 
temperature enables nanogel preparation via conventional precipitation polymerization in an all-aqueous system. To fully assess 
this approach's potential, we first demonstrate control over colloidal properties like size, size distribution, and crosslinking den-
sity. We examine the influence of these parameters on the temperature-dependent swelling profiles and develop a standard syn-
thetic protocol. Second, we examine synthetic versatility to introduce additional stimuli-responsiveness. For this, we introduce 
methacrylic acid (MAA) as pH-responsive co-monomer and examine resulting double-sensitive swelling. Third, we add network 
degradability through reduction-cleavable crosslinker bis(2-methacryloyloxyethyl) disulfide (DSDMA). Fourth, we demonstrate 
that multi-responsive nanogels exhibit low cytotoxicity and high colloidal stability in biologically relevant media. Overall, this 
systematic study establishes P(nPr-SEMA)-based nanogels as versatile alternatives to established temperature-responsive nano-
gels for biomedical applications, for example, drug delivery.

1   |   Introduction

Nanogels (NGs) are soft colloidal particles that contain a cross-
linked polymer network. The combination of small size, swol-
len structure, and colloidal stability renders them interesting 

materials for applications like drug delivery [1], photonic crys-
tals [2], and (bio-)catalysis [3]. For biomedical applications, their 
properties need to be controlled with high accuracy. This can be 
achieved through two features: (a) the internal network struc-
ture and (b) the external surface.
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Regarding the internal network, the chemistry of the polymeric 
building blocks governs stimuli-responsiveness [4, 5], amphi-
philicity [6, 7], diffusional properties [8], and (bio-)degradabil-
ity [5, 9]. Among these characteristics, stimuli-responsiveness 
is particularly advantageous for biomedical applications, as it 
allows materials to adapt dynamically to physiological condi-
tions such as changes in pH [10], enzymatic activity  [11], or 
temperature [12]. Thermo-responsive behavior might be of 
interest to deliver therapeutic agents as passive response to 
an increased skin [13] or body temperature [14]. Alternatively, 
delivery can also be triggered actively by photothermal effects 
in combinations of thermo-responsive NGs and gold nanopar-
ticles [15].

Regarding the external surface, dangling chains of the net-
work control the NGs' interaction with the surrounding aque-
ous medium and biological (macro-)molecules. For example, 
an unwanted adsorption of plasma proteins can limit the 
NGs' biocompatibility, that is, colloidal stability [16], blood 
circulation time [17], cellular uptake [18], cytotoxicity [19], 
and biodistribution [20–22]. To reduce such non-specific in-
teractions and provide stimuli-responsiveness, oligoethylene 
glycol-based methacrylates (OEGMAs) are often used to com-
bine the highly hydrophilic character of polyethylene glycol 
(PEG) [23, 24] with a thermo-responsive swelling behavior 
[25]. While OEGMA monomers can easily be copolymerized 
with functional co-monomers and crosslinkers to incorporate 
additional responsive properties  [26], an inherent drawback 
of poly-/oligoethylene glycol-based materials is their poten-
tial immunogenic effect upon long-term exposure [24, 27, 28]. 
Alternatively, microgels based on P(NIPAm) are of great in-
terest due to their thermo-responsive swelling behavior close 
to human body temperature (VPTT; usually around 32°C 
[29, 30]), however, they are inferior in terms of biocompati-
bility and biodegradability compared to PEG-based materi-
als [25].

Nevertheless, there is no “one-fits-all” system: Since all mono-
mers differ in their chemical structure, specific applications 
require specific monomers to precisely adjust the interaction 
of the polymer network with embedded compounds or external 
biological systems. Thus, generally, new alternative polymers 
are needed that do not yet trigger any immune responses, show 
well-defined thermo-responsive behavior, and are easily acces-
sible from a synthetic perspective.

Polysulfoxides may fulfill these requirements. Especially 
poly(meth)acrylates and poly(meth)acrylamides with polar 
methyl sulfoxide side groups are re-emerging as highly hydro-
philic polymers that can incorporate functional co-monomers 
[31–33]. The unique highly dipolar nature of the sulfoxide 
side groups (similar to DMSO) favors their interaction with 
biomolecules, favoring their penetration through biological 
membranes and stabilization of proteins through hydrogen 
bonding [34]. The corresponding low cytotoxicity has made 
them potential alternatives to PEG in drug delivery [35], mo-
lecular imaging [36], and cryoprotection applications [37]. The 
outstanding hydrophilic character of methyl sulfoxide-based 
polymers has been used to impart antifouling properties in 2D 
materials, such as in surface-bound polymer brushes or poly-
mer coatings [31, 38, 39].

To introduce additional thermo-responsiveness into this class 
of materials, we have recently shown that introducing hydro-
phobic alkyl chains on the sulfoxide group can impart cloud 
point temperature close to body temperature [34]. In these 
polymers, strong H-bonds favor solubilization of the sulfoxide 
moieties at lower temperatures. At higher temperatures, disper-
sive hydrophobic forces between the alkyl groups cause phase 
separation of the polymer chains. We have shown that the corre-
sponding cloud point temperature (TCP) can be tuned precisely 
by the structure of the pendant alkyl group. As a result, we 
have identified poly(2-(n-propyl-sulfoxide)ethyl methacrylate) 
(P(nPr-SEMA)) as a polymer with a phase transition near body 
temperature, that is, TCP = 30°C–40°C (depending on molecular 
weight, concentration, and ionic strength). Consequently, these 
polymers represent interesting potential alternatives to conven-
tional polymeric building blocks for thermo-responsive nano−/
microgels like P(OEGMA), P(NIPAm), and so forth.

However, translating such properties into (stimuli-responsive) 
3D NGs has not yet been described. A respective synthetic 
platform should allow controlling two main features: First, 
it should be possible to adjust the chemical network compo-
sition by combining the sulfoxide monomers with functional 
co-monomers and crosslinkers. Second, the approach should 
afford control over colloidal properties such as NG size and 
size distribution. Third, the method should circumvent the 
use of organic solvents.

To address this need, we exploit the thermo-responsive prop-
erties of our polysulfoxide building blocks for their utilization 
in precipitation polymerizations. Key to this approach is the re-
duction of polymer solubility upon heating. For such polymers, 
free radical polymerization in aqueous solution should proceed 
until growing oligomers reach a critical length where reaction 
temperature triggers their precipitation into NG nuclei that 
grow into nanogels upon polymerization [40]. Thus, the thermo-
responsive properties of P(nPr-SEMA) enable the preparation of 
NGs via such a precipitation polymerization in an all-aqueous 
system.

Fully assessing the potential of this approach requires a system-
atic evaluation of the synthetic control and chemical versatil-
ity. Thus, in this study, we focus on four key aspects: First, we 
demonstrate control over colloidal properties like size, size dis-
tribution, and crosslinking density. We examine the influence 
of these parameters on the temperature-dependent swelling 
profiles and develop a standard synthetic protocol. Second, we 
examine the synthetic versatility to introduce additional stimuli-
responsive behavior. For this, we vary the chemical composition 
of the network by introducing methacrylic acid (MAA) as a 
functional co-monomer. The resulting additional pH-dependent 
swelling properties are then examined. Third, we introduce 
additional network degradability by using degradable cross-
linkers during NG preparation. Here, we focus on the reduction-
sensitive crosslinker bis(2-methacryloyloxyethyl) disulfide 
(DSDMA) to enable NG degradation in biological environments 
with changed redox potential, for example, cellular endosomes, 
inflamed tissues, and so forth. Fourth, we examine cytotoxicity 
and colloidal stability of the NGs in biologically relevant media. 
Overall, this systematic study establishes P(nPr-SEMA)-based 
NGs as versatile materials for biomedical applications.

 26424169, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20241176 by C

oncepción M
éndez G

arcía - C
onsorcio Interuniversitario D

o Sistem
a U

niversitario D
e G

alicia (C
isug) , W

iley O
nline L

ibrary on [24/04/2026]. 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

reative C
om

m
ons L

icense



1673

2   |   Materials and Methods

2.1   |   Materials

All starting materials and reagents were purchased from com-
mercial sources and used without further purification unless oth-
erwise stated. Tetraethylene glycol dimethacrylate (TEGDMA) 
and ethylene glycol dimethacrylate (EGDMA) were purchased 
from Sigma Aldrich. Before usage, EGDMA and TEGDMA 
were filtered through an Al2O3 column to remove any stabiliz-
ers. Ammonium persulfate (APS) and sodium dodecyl sulfate 
(SDS) were purchased from Merck. 2-(n-propyl-sulfoxide)ethyl 
methacrylate nPr-SEMA [34] and DSDMA [41] were prepared 
according to literature procedures. Ultrapure water was taken 
from a LaboStar UV 2 water system. Air-sensitive reactions were 
carried out under a nitrogen atmosphere.

2.2   |   Nanogel Synthesis via Precipitation 
Polymerization

2.2.1   |   Preparation of P(nPr-SEMA) Nanogels

All polymerizations were conducted in 25 mL round bottom 
flasks equipped with a magnetic stirring bar. In a typical reaction, 
204.0 mg nPr-SEMA (1 mmol) and 9.91 mg (0.03 mmol) tetraeth-
ylene glycol dimethacrylate (TEGDMA, 3 mol% w.r.t the mono-
mer) were dissolved in 10 mL of a 0.45 mM sodium dodecyl sulfate 
(SDS) solution in Milli-Q water at a slightly acidic pH between 6 
and 7The initiator solution was prepared by dissolving 25.5 mg 
ammonium persulfate (APS, 0.12 mmol) in 5 mL of Milli-Q water. 
Both aqueous solutions were filtered over a cellulose-mixed ester 
syringe filter (0.20 μm) and subsequently purged with nitrogen to 
remove any oxygen for 20 min while stirring with a rotation speed 
of 450 rpm. The reaction mixture was then placed in a preheated 
oil bath at 70°C. After an equilibration time of 10 min, the polym-
erization was started by rapidly adding 0.5 mL of the initiator solu-
tion under nitrogen atmosphere. The clear and colorless solution 
became turbid within the first 5 min after adding the initiator. 
After a reaction time of 4 h, the dispersion was cooled down to RT 
(see ESI for dialysis protocols).

2.2.2   |   Preparation of P(nPr-SEMA-co-MAA) Nanogels

P(nPr-SEMA-co-MAA) NGs were prepared the same way as afore-
mentioned, adding to the reaction mixture 2.5, 5.0, and 10.0 mol% 
(w.r.t. nPr-SEMA) of MAA, which had been previously filtered 
over Al2O3 to remove any stabilizing agents. The pH of the reac-
tion mixture remained in the neutral range, between 6 and 7, be-
fore and after the reaction took place (see ESI for synthetic details).

2.3   |   Characterization of Nanogels

2.3.1   |   Dynamic Light Scattering (DLS)

The particle size distributions were measured by DLS at 90° in 
multiangle round cell glass cuvettes using NICOMP nano Z3000 
(Particle Sizing Systems, USA). For this, NG dispersions in water 
were used at a concentration of 1.0 mg/mL. The measurements 

were conducted in triplicates with an acquisition time of 3 min. 
The dispersions were filtered over cotton to remove any larger 
dust particles prior to the measurements. The temperature 
trends were measured in a temperature range of 5°C–50°C in 
steps of 5°C. Size and size distribution based on the intensity-
weighted average diameters were computed by 9.21/E1 (9.21) 
of NICOMP software using Gaussian analysis. The sigmoidal 
curves obtained from plotting the mean diameters at each tem-
perature were differentiated, and the temperature at the inflec-
tion point was defined as the VPTT.

2.3.2   |   Turbidity Measurements for Monitoring 
Nanogel Degradation

Degradation studies were performed by measuring the time-
dependent light scattering intensity at 90° in multiangle round 
cell glass cuvettes using NICOMP nano Z3000 (Particle Sizing 
Systems, USA). For this, 1 mg/mL dispersions of the respective 
NGs in PBS were prepared, and the dispersion was equilibrated 
in the DLS device for 2 min at 37°C. Afterward, 10 mM DTT was 
added to the dispersion, and the scattering intensity was moni-
tored for 90 min.

2.3.3   |   Transmission Electron Microscopy (TEM)

The morphology and size of the NGs were investigated via TME. 
For this, 10 μL of the respective NG dispersion (1.0 mg/mL) were 
placed on a carbon-coated copper grid (400 meshes, Quantifoil 
Micro Tools GmbH, Großlöbichau, Germany) to air-dry overnight 
at room temperature. The dispersions were filtered over a 0.45 μm 
cellulose-mixed ester syringe filter prior to the measurements. 
The prepared samples were measured using the TEM mode of 
a Hitachi scanning electron microscope (SU8030, Hitachi High-
Technologies Corporation, Tokyo, Japan) with a working voltage 
of 30.0 kV at different magnifications. In order to evaluate the size 
and the size distribution of the NGs in their dry state, the diameter 
of around 100 individual particles of each sample was determined 
with the software ImageJ (version 1.53t).

2.3.4   |   pH-Dependent Swelling Studies

The swelling behavior at different pH of the NGs containing 
2.5, 5, and 10 mol% MAA was tested by DLS measurements. 
For this, a NG dispersion of 1 mg/mL was incubated in phos-
phate buffered solution adjusted to five different pHs (5–9). 
Subsequently, the size of the NGs in dispersion was measured 
at RT in triplicate.

2.3.5   |   Nanoparticle Tracking Analysis (NTA)

NTA studies were conducted to investigate the NGs' behavior 
in complex biological fluids. Particle size distribution in fetal 
bovine serum and bovine plasma with different incubation 
times was determined by NTA using a NanoSight NS500 system 
(Malvern Technologies, Malvern, UK) configured with a 488 nm 
laser and a high-sensitivity scientific CMOS camera. The prepa-
ration of samples involved diluting a 1 mg/mL dispersion of the 
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respective NG in Milli-Q water with serum or plasma (1:5). After 
three-time points (0 day, 1 day, and 7 days), the samples were 
diluted with filtered Milli-Q water (1:200). NG dispersions in 
water were used as control. Data analysis was conducted using 
NTA 3.4 software with a detection threshold of 20.

2.3.6   |   Cytotoxicity

The compounds' effect on the cell viability was assessed using the 
Cell Counting Kit-8 (CCK-8) from Sigma Aldrich according to the 
manufacturer's instructions. L929 fibroblasts (DSMZ no: ACC 2, 
Leibniz Institute DSMZ—German Collection of Microorganism 
and Cell Cultures) were cultured in Dulbecco's Modified 
Eagle Medium (DMEM), high glucose supplemented with L-
Glutamine, 10.000 U mL−1 Penicillin–Streptomycin, and 10% 
Fetal Bovine Serum (all from Gibco BRL, Eggenstein, Germany). 
For the assay, 90 μL of L929 cells in DMEM were seeded in the 
inner wells of a 96-well plate (50.000 cells mL−1) and incubated 
overnight at 37°C and 5% CO2. In the outer wells, 90 μL of DMEM 
without cells was added for background subtraction. 10 μL of the 
sample (in sterile MilliQ water) were added in serial dilutions, 
including a positive (1% SDS) and a negative control (H2O, me-
dium). After the addition of the compounds, the cells were incu-
bated for another day before 10 μL of CCK-8 solution was added 
to each well. After 3 h of incubation, absorbance was measured 
(450 nm/ 630 nm) with a Tecan plate reader (Infinite pro200, 
TECAN-reader Tecan Group Ltd., Männedorf, Switzerland). The 
whole experiment was repeated three times. To calculate the cell 
viability, the non-treated control was set to 100% and the values 
for the treated cells were normalized to the non-treated control. 
The background signal was subtracted using the Excel software. 
Origin was used to plot the mean with the standard deviation of 
all three assay runs for all compound concentrations. The results 
were subjected to an analysis of variance with multiple compari-
sons (one-way ANOVA and Dunnett's test) with a level of signifi-
cance (α) of 0.05. Statistical analysis was performed on GraphPad 
Prism software (v.9.0.1, GraphPad, La Jolla, CA, USA).

3   |   Results and Discussion

3.1   |   Poly(nPr-SEMA)-Based Nanogels: Influence 
of Synthetic Parameters on Colloidal Features 
and Thermo-Responsive Swelling Profiles

NGs based on 2-(n-propyl-sulfoxide ethyl) methacrylate (nPr-
SEMA) were prepared via free radical precipitation polymeriza-
tion in water. We first developed a synthetic standard protocol 
that is suitable for the incorporation of functional co-monomers. 
For this, we optimized the synthetic process using only nPr-
SEMA as monomer without any further co-monomers. The 
influence of crosslinker type, crosslinker concentration, and 
surfactant concentration was investigated to determine the level 
of control over crosslinking density, NG size, and swelling be-
havior of P(nPr-SEMA) NGs (see Scheme 1).

The mechanism of particle formation is based on the 
temperature-sensitive phase separation behavior of nPr-SEMA 
based polymers in aqueous solutions. The precipitation po-
lymerization begins in a homogenous solution of monomer, 

crosslinker, and surfactant at 70°C (T>LCST of P(nPr-SEMA) 
polymers). After initiation, short, oligomeric chains precipitate 
out of the solution as they reach a critical chain length, forming 
precursor particles. These phase-separated nuclei grow by ag-
gregation and further reaction with monomers and crosslinkers 
to eventually form stable colloids [42].

3.1.1   |   Choosing Suitable Crosslinkers

In NGs, widely used crosslinkers are α,ω-functionalized (oligo) 
ethylene glycol di(meth)acrylates. In these bifunctional mono-
mers, the number of ethylene glycol units between methacrylate 
end groups determines crosslinker hydrophilicity and the length 
of the connection between two polymer chains. During aqueous 
precipitation co-polymerizations, such variations can impact 
the introduction of the crosslinker into the growing polymer 
network, thus affecting crosslinking efficiency and crosslinker 
distribution. Thus, the impact of crosslinker structure on NG 
properties needs to be determined.

For this, we performed precipitation co-polymerizations of nPr-
SEMA with 3 mol% of ethyleneglycol dimethacrylate (EGDMA) and 
tetraethyleneglycol dimethacrylate (TEGDMA) (ESI, Table  S4). 
We found that crosslinking was successful for TEGDMA, while 
sufficient crosslinking failed when using EGDMA. This was as-
sessed by monitoring the light scattering intensity at different tem-
peratures (ESI, Figure S1). At temperatures above the cloud point 
temperature of P(nPr-SEMA) (T > 30°C), both dispersions showed 
a high scattering intensity, thus indicating the presence of colloidal 
particles. Upon cooling, the scattering intensity of the TEGDMA 
sample decreased but still showed pronounced turbidity. This sug-
gests the existence of crosslinked temperature-sensitive NGs that 
swell upon cooling. In contrast, scattering intensity of the EGDMA 
sample dropped to zero upon cooling. This suggests, that cross-
linking was not efficient and non-crosslinked precipitates dissolve 
into linear polymer chains that give a transparent solution (ESI, 
Figure S1). Based on these results, we chose TEGDMA as a suit-
able crosslinker for our standard synthetic protocol.

3.1.2   |   Controlling Nanogel Size by Surfactant 
Concentration

The thermo-induced precipitation polymerization process is af-
fected by (ionic) surfactants [43]. In our studies, we use SDS, that 

SCHEME 1    |    Development of a standard synthetic procedure for 
the free radical precipitation polymerization of nPr-SEMA in water. 
Examining the influence of synthetic parameters on the resulting NG 
properties.
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acts as a stabilizing agent for the growing nuclei, decreasing in-
terfacial tension while the charged head groups improve electro-
static stabilization [44, 45]. The SDS concentration influences the 
number and size of precursor particles during the nucleation stage. 
Thus, higher SDS concentrations increase the number of primary 
particles and eventually result in smaller NGs due to monomer dis-
tribution across more polymerization sites [46]. As a result, the size 
of the final NGs can be controlled by changing the SDS concentra-
tion [44]. To assess this influence, we prepared P(nPr-SEMA) NGs 
using SDS as surfactant and varied the SDS concentration from 0.3 
to 1.2 mM. During this test, TEGDMA was used as the crosslink-
ing agent with a constant concentration of 3 mol% w.r.t. the mono-
mer. The size of the obtained NGs was then examined by DLS. 
Since the networks are thermo-responsive, particle size was deter-
mined below and above the phase transition temperature of the 
linear P(nPr-SEMA), that is, at 5°C and 50°C, respectively [34]. At 
both temperatures, an apparent decrease in particle size with in-
creasing SDS concentration was observed (Figure 1). The average 
hydrodynamic diameter (dh) of three independently synthesized 

NGs decreased by 50% from 408 nm (0.3 mM) to 198 nm (1.2 mM) 
at 5°C and from 184 nm (0.3 mM) to 107 nm (1.2 mM) at 50°C. 
Further increasing c(SDS) to 1.5 mM did not result in particle for-
mation, thus suggesting a concentration of 1.2 mM as the upper 
limit in this synthetic procedure.

Comparing the sizes at 5°C and 50°C, the NGs are larger at lower 
temperatures for all SDS concentrations. This can be attributed 
to their temperature-responsive properties which are governed 
by the balance of polymer-polymer vs. polymer-water interac-
tions [47]. At lower temperatures, the P(nPr-SEMA) NGs are 
swollen due to the strong solubilization of the sulfoxide groups. 
Above their volume phase transition temperature (VPTT), hy-
drogen bonds between sulfoxides and water break, while disper-
sive hydrophobic forces between the alkyl side groups increase. 
As a result, the networks collapse into smaller, less hydrated col-
loids. To determine the VPTT, we measured the hydrodynamic 
diameter across a temperature range from 5°C to 50°C and found 
that the NGs exhibited typical sigmoidal (de)-swelling profiles 
(Figure 2a) with VPTTs between 30°C and 35°C. Notably, the 
crosslinked networks exhibit a broader phase transition range 
compared to the distinct Tcp of the corresponding linear poly-
mers [34]. This can be explained by an inhomogeneous length 
distribution of free segments between crosslinking points [48]. 
The corresponding radial gradient in crosslinking density is the 
result of the precipitation polymerization and leads to a denser 
crosslinked core and looser crosslinked corona with longer dan-
gling chains [42, 49, 50]. Nevertheless, the VPTTs of the P(nPr-
SEMA) NGs closely align with the corresponding linear polymer 
analogs (36°C) [34] Observed variations (Figure 2b,c) between 
different crosslinking densities can be attributed to subtle 
changes in the reaction conditions, influencing the morphology 
and, consequently, the phase transition behavior of the NGs.

In addition to particle size in dispersion, morphology and size 
in the dried state were examined by TEM (ESI, Figure S2). TEM 
images reveal the formation of well-defined spherical-shaped 
NGs with monomodal narrow particle size distributions, show-
ing good control of the particle preparation process. The diam-
eter of dry NGs decreased with increasing SDS concentrations: 
215 ± 30 for 0.3 mM, 139 ± 21 nm for 0.45 mM, 127 ± 12 nm for 

FIGURE 1    |    Controlling NG size by surfactant concentration. P(nPr-
SEMA) NGs (3 mol% TEGDMA) decrease in size as the c(SDS) increas-
es. Values were obtained from DLS on P(nPr-SEMA) NG dispersions in 
water at temperatures of 5°C and 50°C.

FIGURE 2    |    All NGs show similar thermo-responsive properties that are independent of the used SDS concentration in their preparation. (a) 
Typical sigmoidal deswelling profile of thermo-responsive P(nPr-SEMA) NGs show that NG size decreases above a transition temperature. (b) First-
order derivative of the sigmoidal swelling profiles gives access to VPTT values between 30°C and 35°C. (c) VPTT is independent of the used SDS 
concentration in the NG preparation.
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0.6 mM, 95 ± 18 nm for 0.9 mM, and 56 ± 11 nm for 1.2 mM (ESI, 
Figure S3). These results are consistent with the sizes of the col-
lapsed particles obtained by DLS, suggesting good control over 

NG size by changing the surfactant concentration. Based on 
these examinations, 0.45 mM SDS was identified as the standard 
concentration for all subsequent NG syntheses (Figure 3).

We have demonstrated that particle size can be controlled effi-
ciently using SDS. The correlation between particle size and the 
concentration of SDS used during the synthesis has been previ-
ously reported for thermo-responsive micro−/nanogel systems 
based on P(NIPAm) [43, 44, 51–53] and P(OEGMA) [25]. This in-
dicates that our system behaves similar to established materials, 
thus reinforcing the robustness of the applied synthetic method. 
Furthermore, it provides confidence that existing knowledge 
such as scalability of precipitation polymerizations [54] might 
also be applicable to our system.

3.1.3   |   Tuning the Degree of Swelling via Crosslinker 
Concentration

In a NG, the crosslinking density influences mesh size and, 
therefore, the swelling degree of the network: If less crosslinker 
is used, the P(nPr-SEMA) chains between adjacent crosslinking 
points are assumed to be longer, resulting in larger mesh sizes 
and increased network flexibility [55]. Such an increased flexi-
bility results in a larger ability to swell.

To control swelling by crosslinker concentration, we prepared 5 
different NGs with varying amounts of TEGDMA (2, 3, 4,5, and 
7.5 mol%). Temperature-dependent size measurements of the 
NGs revealed the anticipated sigmoidal curves (Figure 4a). Below 
the VPTT, NG size increases with decreasing temperature. The 
extent of this effect depends on the crosslinker concentration and 
size increases with decreasing crosslinking density. Above the 
VPTT, all NGs collapse to a similar size since they were prepared 
under similar conditions, that is, with the same amount of SDS.

Quantification of this effect uses the degree of swelling (DGS), 
which can be defined as the ratio between the particle volume 
in the swollen state (Vswollen) and the particle volume in the 
collapsed state (Vcollapsed). In the sigmoidal swelling curves 
(Figure 4b), the DGS was normalized to the averaged collapsed 
volume of each NG and shows that swelling decreases with 

FIGURE 3    |    P(nPr-SEMA) NGs synthesized with 0.45 mM SDS show 
a monomodal narrow size distribution and well-defined spherical mor-
phology. (a) TEM image and (b) corresponding size distribution of the 
P(nPr-SEMA) NGs synthesized using 0.45 mM of SDS. The size distri-
bution was determined by evaluating 100 particles in the dry state, and 
the histogram was fitted by a Gaussian curve fit.

FIGURE 4    |    Swelling of P(nPr-SEMA) NGs can be controlled by crosslinking density. (a) Lower crosslinker concentrations increase the size of 
NGs below their VPTT. (b) Swelling curves of DGS vs. temperature give a quantitative assessment of the swelling properties. Here, DGS is normal-
ized to the collapsed volume at T>VPTT to ensure comparability between NGs. (c) Correlation between the maximum DGS at 5°C and crosslinking 
density c(TEGDMA) shows a linear dependency for c(TEGDMA) up to 5 mol%.
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increasing crosslinker concentration. Here, NGs with 2 mol% 
crosslinker swell more than twice as NGs with 7.5 mol% cross-
linker. Comparing the maximum swollen state at 5°C of the 
different NGs, we found DGSmax to decrease linearly with in-
creasing TEGDMA concentrations up to 5 mol% (Figure  4c). 
Overall, all NGs exhibited a VPTT close to 35°C, showing that 
the crosslinking density does not influence their temperature-
sensitivity (ESI, Figure S4). This suggests good control of the 
network's temperature-dependent swelling capacity through 
variation of the crosslinker concentration. These results 
align with comparable thermo-responsive microgels based 
on P(NIPAm) [56]. In such systems, it is known that swelling 
capacity and size decrease with increasing concentrations of 
crosslinker (e.g., N,N′-methylenebisacrylamide (BIS) with 2, 
5, 15 mol%), without changing the VPTT [56]. A comparison of 
VPTTs and swelling capacities from selected P(NIPAm) and 
P(OEGMA) based micro−/nanogels with comparable cross-
linking densities is presented in the SI (Table S9).

3.2   |   Introducing Additional pH Responsiveness: 
Copolymerization With Methacrylic Acid Gives 
Access to Double-Responsive Swelling Profiles

To expand the NGs' stimuli-responsive properties beyond their 
thermo-responsiveness, co-monomers with functional groups 
can be incorporated. pH-responsiveness can be achieved by 
incorporating basic (cationic) or acidic (anionic) monomers 
into the polymer network. Among those, anionic polymers 
generally exhibit lower cytotoxicity than cationic materials, 
which show strong, pH-dependent interactions with negatively 
charged cell membranes. Thus, we have focused on anionic 
methacrylic acid (MAA) as a model co-monomer to demon-
strate the possibility of adding another stimuli-responsive 
feature. Generally, MAA is well established as co-monomer 
in NG synthesis and allows multiple ways of interactions (H-
bond donor, H-bond acceptor, electrostatic and van der Waals 
interactions), thus offering potential for a variety of loading 
applications, that is, the electrostatic entrapment of oppositely 
charged biomacromolecules.

The copolymerization of nPr-SEMA with methacrylic acid 
(MAA) leads to a double-stimuli responsive swelling behavior, 
that is, sensitive to changes in temperature and pH. In this case, 
protonation/deprotonation of MAA units governs their aqueous 
solubility and the corresponding network swelling [57]. At pH 
values above pKa (MAA) the anionic groups promote swelling 
due to increased osmotic pressure in the network [55, 58, 59]. For 
pH < pKa (MAA), protonated MAA groups are comparably hy-
drophobic, which decreases network swelling. Most importantly, 
these properties are strongly coupled to the thermo-responsive 
behavior since the addition of hydrophilic or hydrophobic co-
monomers is known to shift the VPTT of polymer NGs [60]. We 
assume that the presence of hydrophilic anionic groups at high 
pH will shift the VPTT to higher temperatures. This effect is 
known to increase with the amount of hydrophilic co-monomers 
[61]. In contrast, the presence of hydrophobic protonated MAA 
groups at low pH will shift the VPTT to lower temperatures [61]. 
Thus, the incorporation of MAA co-monomers will offer access 
to a double stimuli-responsive swelling profile where pH can be 
used to control the temperature response.

To realize such a complex swelling profile, we prepared a set 
of P(nPr-SEMA) NGs with varying contents of MAA, that is, 
2.5, 5, and 10 mol% w.r.t. the nPr-SEMA monomer. Synthesis 
of these NGs followed our previously developed standard 
procedure but included the respective amounts of MAA as 
co-monomer feed (see ESI, Table S7). To determine the incor-
porated amount of MAA in all NGs, potentiometric titrations 
were conducted on all NGs (see ESI, Figure S5). The actual in-
corporation of MAA was close to the expected values: 2.8 mol% 
for 2.5 mol%, 4.3 mol% for 5 mol%, and 16.4 mol% for 10 mol%. 
These experiments demonstrated the quantitative incorpora-
tion of MAA in all NGs, thus showing good control over net-
work composition by the precipitation polymerization method. 
For all NGs, temperature-dependent and pH-dependent swell-
ing profiles were studied by DLS and compared to the pure 
P(nPr-SEMA) NGs.

First, we assessed the temperature-dependent swelling of the 
NGs at two fixed pH values. Here, we used pH 8 to ensure com-
plete deprotonation of all MAA groups and pH 5 to promote par-
tial MAA protonation. At pH 8, the NGs remain swollen over 
a wide temperature range, and the overall swelling increases 
with the amount of MAA (ESI, Figure S6a). In addition, all NGs 
show a less pronounced temperature-dependence than the na-
tive nPr-SEMA NGs. We suggest that the high hydrophilicity of 
the deprotonated MAA groups shifts the VPTT to much higher 
temperatures. Since this effect scales with the amount of hy-
drophilic MAA groups, no temperature-dependent swelling is 
observed up to T = 60°C for NGs with 5 and 10 mol% MAA. For 
NGs with 2.5 mol%, the onset of a temperature-induced collapse 
can be seen between 55°C and 60°C. In contrast, at pH 5, proton-
ation of the carboxylic acid groups increases the network's over-
all hydrophobicity, thus shifting the VPTT to lower values (ESI, 
Figure S6b,c). A linear trend is observed between the decreasing 
VPTT and increasing MAA content (Figure 5a).

Second, we assessed the pH-dependent swelling of NGs at a 
fixed temperature of T = 25°C. For this, we dispersed the dif-
ferent NGs in phosphate buffers with pH values ranging from 
pH 5 to 9 and measured the corresponding hydrodynamic di-
ameter (dh) by DLS. Figure 5b indicates a pH-dependent phase 
transition between a collapsed state at pH 5 and a swollen state 
above pH 6. This transition is more pronounced for the NGs 
with higher MAA contents: For NGs with 10 mol% MAA, dh in-
creases from 326 nm at pH 5 to 458 nm at pH 6. For NGs with 2.5 
and 5 mol% MAA, dh changes from around 200 nm, to around 
300 nm at pH 6. Above pH 6 further increasing the pH does not 
affect the swelling anymore. Below pH 5, redispersion of NGs 
resulted in aggregation. This can be explained by protonation of 
the carboxylic acid groups, which increases their hydrophobic-
ity. In addition, the high ionic strength in the buffer reduces the 
osmotic swelling. In combination, both effects can cause aggre-
gation of the collapsed NGs.

3.3   |   Degradability

Triggered NG degradation is important to release (physically) 
entrapped payloads and to clear resulting NG fragments from 
the body. To introduce network degradability, labile crosslinkers 
are established to be cleaved as response to a specific biological 
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stimulus. In our case, we targeted changes in the redox poten-
tial that can occur due to reactive oxygen species in inflamed 
tissue and wounds or due to high cytosolic glutathione contents 
in tumor cells [62–64]. To enable network cleavage in these 
scenarios, we used a crosslinker with a disulfide bond, that is, 
bis(2-methacryloyloxyethyl) disulfide (DSDMA) (Figure  6a). 
Due to the hydrophobic nature of this crosslinker, low solubility 
might cause deviations between the actual crosslinking density 
and the feed ratio. To address this challenge, we introduced an 
excess of 5 mol% (w.r.t. the monomer) of DSDMA. The obtained 
particles were smaller than those crosslinked with TEGDMA. 
Nevertheless, DLS and TEM revealed formation of particles with 
a narrow size distribution and similar thermo-responsive behav-
ior than their non-degradable counterparts (ESI, Figures S7 and 
S8). To estimate the amount of DSDMA actually incorporated 
into the NGs, we compared the DGS of DSDMA-NGs to the cor-
relation between DGS and crosslinker content in the TEGDMA-
NGs (Figure 4c). Here, a DGS(5°C) = 6 for the DSDMA-NGs (ESI, 
Figure S9a) suggests a crosslinking density of around 2.3 mol% 
(ESI, Figure S9b).

Crosslinker cleavage was tested by incubating the NGs with 
10 mM dithiothreitol (DTT) as reducing agent in PBS at pH 7.4 
(Figure  6a). Resulting NG degradation was monitored by tur-
bidity measurements. In such experiments, an overall reduction 
of turbidity can be used to jointly monitor two possible NG deg-
radation pathways: First, crosslinker cleavage causes swelling 
of the NGs due to a reduction of mesh size. In this case, scat-
tering contrast decreases. Second, further cleavage of DSDMA 
leads to NG fragmentation into smaller pieces that scatter less 
[65]. For all ionic and non-ionic NGs that contain DSDMA, a 
significant reduction in turbidity was observed compared to the 
non-degradable control NGs crosslinked with TEGDMA. The de-
crease in turbidity is more pronounced for the MAA-containing 
NGs than for the pure P(nPr-SEMA)dg NGs (Figure  6b). This 
may be attributed to an enhanced swelling of the anionic NGs 
in PBS, which favors degradation. The degradation profile is, 
however, not influenced by the degree of ionization since all 
NGs containing 2.5, 5, and 10 mol% of MAA show similar pro-
files. These results show the potential for triggered release in 
specific biological microenvironments with high glutathione 

FIGURE 5    |    Figure of P(nPr-SEMA-co-MAA) NGs show double-responsive swelling behavior due to a combination of pH- and temperature-
responsive properties (a) At pH ≤ pKa(MAA), the VPTT can be controlled by the amount of MAA groups in the network: For pH 5, VPTT decreases 
linearly with increasing c(MAA). (b) Below the VPTT of P(nPr-SEMA) (T = 20°C), NG swelling is pH-dependent. For all experiments, the P(nPr-
SEMA-co-MAA) NGs containing 2.5, 5, and 10 mol% of MAA were incubated in aqueous phosphate buffers at different pH values, and their size was 
determined by DLS.

FIGURE 6    |    NG degradation can be induced by cleaving disulfide-based crosslinking points in a reductive environment. (a) Schematic degrada-
tion of the P(nPr-SEMA) NGs that contain DSDMA as disulfide-based crosslinker. (b) P(nPr-SEMA-co-MAA)dg NGs degrade faster than non-ionic 
P(nPr-SEMA)dg NGs. Control experiments were performed with non-degradable NGs in the presence of DTT. The curve fit was performed with 
OriginPro using the ExpDec1 function.
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concentrations, that is, internal cellular delivery or tumor mi-
croenvironments [62, 66].

3.4   |   Colloidal Stability in Biological Media

The multi-stimuli-responsive swelling (i.e., pH-responsive and 
temperature-responsive) and the reductive degradation make 
P(nPr-SEMA) NGs promising candidates for biomedical applica-
tions. However, to fully exploit these properties, the NGs need to 
be colloidally stable in biological media. In such environments, 
the interaction of particles with proteins can lead to the forma-
tion of a protein corona, which can induce NG agglomeration 
[67]. In our case, we assume that this corona formation is lim-
ited due to the protein-repellent character of the sulfoxide-side 
groups [38]. In such a scenario, the size of the NGs should not 
change drastically in the presence of complex protein mixtures. 
To assess this behavior in complex biological media, we diluted 
aqueous dispersions of pure P(nPr-SEMA) and anionic P(nPr-
SEMA-co-MAA) (10 mol% MAA) in bovine serum and plasma 
(20% vol/vol) and incubated these for up to 7 days. NTA was 
used to determine the hydrodynamic size immediately after di-
lution, after 1 day, and after 1 week. For the non-ionic nPr-SEMA 
NGs, the size remained similar over 7 days in all three media 
(Figure 7). In contrast, for the ionic P(nPr-SEMA-co-MAA-10) 
NGs, the size immediately increased from 177 nm in water 
to 366 nm in plasma and 345 nm in serum (Figure  7b,c). This 
suggests the adsorption of proteins from the biological fluids, 
probably due to a combination of electrostatic interactions and 
hydrogen bonding with the MAA groups in the NGs. In addition 
to such a potential stronger interaction, a higher degree of swell-
ing compared to the non-ionic P(nPr-SEMA) nanogels could 
enhance the accessibility to more hydrophobic sites within the 
polymer network, thus also favoring protein adsorption [68]. 
Further investigations to optimize the nanogels design could 
focus on achieving loading through electrostatic interactions 
while maintaining the low fouling properties of the sulfoxide 
moieties. However, all dispersions remained stable without the 
formation of larger aggregates in either of the different media. 
Thus, we assume that the sulfoxide side groups can successfully 
limit protein adsorption to a level that does not interfere with 
colloidal stability.

3.5   |   Cytotoxicity

While the colloidal stability of the NGs suggests good physical 
compatibility with biological media, the biological interaction 
with actual living cells needs to be examined, too. To determine 
potential toxic effects of the NGs, cell viability tests were per-
formed on L929 fibroblasts. Figure  8 depicts the cell viability 
of non-degradable P(nPr-SEMA) NGs with varying amounts of 
MAA (0, 2.5, 5, 10 mol% MAA) and degradable P(nPr-SEMA) 
NGs crosslinked with DSDMA. As can be seen, all P(nPr-
SEMA)-based NGs displayed high cell viability for concentra-
tions up to 1000 μg/mL after 24 h. These results suggest that the 
established biocompatibility of polymers with methyl sulfoxide 
side groups translates to sulfoxide side groups with larger n-
propyl side groups. Thus, increasing the alkyl length to provide 
a temperature-responsive behavior does not significantly dimin-
ish the compatibility with biological systems.

4   |   Conclusion

We developed a synthetic platform for the preparation of multi-
responsive polysulfoxide NGs. Our approach exploits the 
temperature-sensitivity of a polymethacrylate with n-propyl sulf-
oxide side groups P(nPr-SEMA) to access well-defined NGs by 
precipitation polymerization. With this, we transfer the inherent 
hydrophilicity of sulfoxide-containing polymethacrylates to cross-
linked NGs. As a result, the final materials combine temperature-
sensitivity with high colloidal stability and low cellular toxicity.

The temperature-induced precipitation polymerization in water 
allows precise control over particle size and crosslinking with-
out the need for organic solvents. Through the incorporation of 
ionizable MAA as a co-monomer, we varied the chemical com-
position of the crosslinked polymer network. As a result, we 
established a NG library with double stimuli-responsiveness, 
that is, thermo-responsive behavior and pH-sensitivity. The ad-
ditional incorporation of a disulfide-based crosslinker enables 
reduction-triggered degradation of the colloidal particles, which 
is especially promising for site-specific delivery of therapeutic 

FIGURE 7    |    The NG dispersions remain colloidally stable in differ-
ent biologically relevant media for up to 7 days. Nanoparticles Tracking 
Analysis (NTA) shows the diameter of P(nPr-SEMA) and P(nPr-SEMA-
co-MAA) NGs in (a) water, (b) fetal bovine serum, and (c) bovine plasma.

FIGURE 8    |    High viability of L929 cells is observed after being treat-
ed with nPr-SEMA NGs with varying MAA contents and nPr-SEMA 
NGs crosslinked with DSDMA. Viability (mean ± SD, n = 3) was as-
sessed via the CCK-8 assay after exposure to the different NGs at five 
concentrations (0.0001–1 mg/mL) for 24 h. SDS (1%) served as the pos-
itive control and medium, H2O as the negative control. An asterisk de-
notes statistical difference (p < 0.0001) with respect to the control group 
after Dunnett's test.
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cargoes. All NGs displayed low cytotoxicity across different 
network compositions, suggesting good biocompatibility of the 
system. Studies on colloidal stability in complex biological fluids 
indicate the potential for protein-repellent properties of the nPr-
SEMA sulfoxide moieties.

The successfully developed synthetic method to transfer of 
sulfoxide-based polymers into crosslinked NGs offers control 
over colloidal and chemical properties that are comparable to 
established PNIPAm or POEGMA-based materials. Thus, these 
fundamental studies on the chemical platform serve as founda-
tion for the development of new colloidal materials, that use the 
unique properties of sulfoxides to tailor NG properties to spe-
cific applications. In this context, it is interesting to study the 
hydrophilicity-induced low-fouling properties of the polysulfox-
ide NGs. This makes them promising materials for the coating of 
medical devices, targeted drug delivery, or biosensing [38]. Here, 
the demonstrated chemical versatile of our synthetic platform is 
promising to adjust the NG properties to specific applications. 
For example, introducing additional responsiveness could be 
used to direct specific cargoes (e.g., antitumoral and antimicro-
bial agents, fluorescent biomarkers) toward reductive microen-
vironments [38] or tissues with pH gradients [69] (e.g., tumors, 
infections). Despite their hydrophilicity, the polar polysulfox-
ides also show unique interactions with proteins (e.g., acting as 
folding stabilizers/cryoprotectants [37]) or with biological mem-
branes (e.g., acting as penetration enhancers [70]).

Other possibilities of this platform include the introduction 
of additional functionalities to further tune the NGs' swelling 
profile and the networks' interactions with cargoes. For exam-
ple, the temperature-responsive properties can be precisely ad-
justed further by copolymerizing nPr-SEMA with monomers 
containing other alkyl groups at the sulfoxide. Here, shorter, 
more hydrophilic, groups (Me-SEMA) are assumed to increase 
the VPTT, whereas longer or branched, more hydrophobic, 
alkyl groups (e.g., iPr-SEMA) are known to decrease the VPTT. 
Additional functionalities could include basic moieties for cat-
ionic interactions, zwitterionic groups, or sulfones, imparting 
redox responsiveness in the polymer backbone.

Overall, the synthetic versatility and control of this approach 
gives access to NGs that are interesting alternatives to long-
established colloidal nano−/microgels based on polymers like 
poly(N-isopropylacrylamide) (PNIPAm [71, 72]), POEGMA 
[73, 74], or poly(N-vinylcaprolactam) (PNVCL) [75, 76]. Here, 
further investigations are needed to examine whether the 
highly-polar sulfoxide groups cause properties that deviate from 
the old established microgel materials, for example, changes in 
cellular uptake, protein corona, and so forth.
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