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ABSTRACT 
 

 Nanoparticles (NPs) are being developed for the delivery of drugs to disease 

targets. The interactions of NPs with biological systems critically determine NP drug 

delivery efficiency and need to be better understood to optimize nanomaterials to better 

serve their intended purpose. Generally, in vitro studies are performed in which NPs 

interact with mono cell cultures. However, in vivo cells are part of a cooperative 

regulated environment that contains multiple cell types. For example, in tumors the 

microenvironment includes, besides cancer cells, macrophages. Macrophages are 

known to have a great impact on the efficacy of nanomedicine, due to their phagocytic 

capacity. In glioma (a form of brain tumor), not only peripheral macrophages are 

associated with the tumor cells but also microglia, the resident macrophages of the 

central nervous system (CNS). Together they form the glioma-associated 

macrophages (GAMs). In addition, macrophages in the circulation impact the 

circulation half-life of NPs and, consequently, their accumulation at the target site. 

Taking these facts into consideration, an appropriate in vitro assessment of NPs 

capacity to target glioma should not only consider the interaction of the NPs with glioma 

cells but also the interaction with GAMs. Here, we explored the interaction of 

monocultures and direct co-cultures of C6 glioma cells and J774 macrophages with 

poly(N-isopropylmethacrylamide) (p(NIPMAM)) nanogels (NGs) of different stiffness 

and sizes.  

We identified that stiff and large NGs are more efficiently internalized by C6 

glioma cells and J774 macrophages than soft and small NGs. In monocultures and co-

cultures the absolute uptake of stiff and large NGs is significantly higher for J774 than 

C6 cells, which is expected based on the phagocytic activity of macrophages. In 

monocultures, the soft NGs are equally internalized by C6 and J774 cells, while in co-

culture uptake of the soft NGs by J774 is enhanced at the expense of uptake by C6 

cells. We hypothesize that the increased internalization of NPs by macrophages in co-

culture may be associated with macrophage stimulation in the presence of glioma cells 

and/or distinct corona profiles on the NGs. Additionally, soft NGs were found to be 

cytotoxic towards C6 glioma cells, which was correlated with higher ROS production 

by C6 glioma cells in the presence of soft NGs. However, in direct co-culture ROS 

levels and cytotoxicity were diminished, which suggests a cytoprotective effect of the 

presence of macrophages on glioma cells. The observed differences in C6 glioma and 
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macrophage responses toward NGs in monocultures compared to co-cultures, 

suggest a potential benefit of investigating NP performance in co-culture systems.  

 

 

Keywords: nanoparticles, glioma, tumor microenvironment, tumor-associated 

macrophages, co-culture, nanogels, stiffness.  
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3.1 INTRODUCTION 
 

 The tumor microenvironment (TME) is a complex system composed of cancer 

cells and a variety of other, non-neoplastic cell types. One particular cell type that 

accounts for roughly 30-50% of the cells present in the TME are macrophages.(1) In 

glioma infiltrating macrophages from the bone marrow and microglia, together termed 

glioma associated macrophages (GAMs), are present.(1,2) GAMs are recruited by 

glioma cells and have an impact on tumor formation and growth, while macrophages 

and microglia are described to distribute to different tumor regions and be recruited at 

different stages of tumor formation and progression.(2,3) For example, both 

macrophages and microglia have been described to influence tumor 

neovascularization.(4–6) However, we should highlight that markers to discriminate 

between microglia and macrophages are still poorly described and literature is 

contradictory. Nonetheless, it is well understood that the presence of macrophages 

and microglia in gliomas modulates the tumor environment and development, and 

ultimately patients’ prognosis. Moreover, the action of macrophages affects the  

concentration of nanomaterials and their drug delivery efficacy at the tumor.(7–11)  

Therefore, it is imperative to understand the interaction between nanoparticles (NPs) 

and glioma cells but also glioma associated macrophages in order to design NPs for 

glioma treatment. 

Strategies for NP evasion from macrophage action are widely sought with 

varying success. One strategy is to modify nanomaterials with CD47, i.e., a “do not eat 

me sign”.(12–14) CD47 is an integrin-associated protein present in normal cellular 

membranes, and commonly overexpressed in cancer cells, which avoids that these 

cells are engulfed and cleared by the mononuclear phagocytic system (MPS). 

Likewise, CD47 anti-phagocytic activity is related to the inability of microglia and 

macrophages to phagocytose glioma cells.(3,15) CD47 has been widely applied in 

immunotherapy(16) and also in nanomedicine to avoid the clearance of NPs by 

macrophages. Main methods employed are the covering of the NP surface with anti-

CD47 or with complete cellular membranes.(12,13) Another strategy for macrophage 

evasion is the use of poly(ethylene glycol) (PEG) coated NPs. PEG coated NPs show 

reduced interaction with the immune system by preventing NP opsonization by serum 

proteins.(17) Several reports show that pegylated NPs avoid macrophages, which can 

be tuned by adjusting the density of PEG.(18) Gold nanoparticles (AuNPs) pegylated 
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with different molecular weights of PEG (2, 5 and 10 kDa) showed longer blood half-

life for the AuNPs with larger PEG brush layers. In addition, the ratio between the 

hydrodynamic diameter of the pegylated particle to its core size was shown to affect 

blood half-life, showing longer circulation for particles with similar hydrodynamic size 

but a smaller gold core.(19) The positive effects of a larger PEG brush layer and a 

smaller NP core on macrophage evasion indicate a role for  NP stiffness in this 

process. Soft poly(carboxybetaine) nanogels loaded with gold nanoparticles are shown 

to have up to 10 h difference in circulation half-life compared to harder NGs, i.e., 19.6 

±1.5 h and 9.1 ± 2.5 h, respectively.(20) Anselmo et al. investigated the effect of 

particle elasticity on blood circulation and –consequently- tissue targeting and showed 

that soft NPs circulated longer than hard NPs, especially at short times, which was 

attributed to their reduced uptake and clearance by the phagocytic system.(21) In 

contrast to making NPs that evade macrophages, macrophages can be exploited to 

bring (hard) NPs to  tumor sites and improve therapeutic effect.(10,22–26) 

Here we investigated the effect of NP stiffness on the uptake and cytotoxicity in 

glioma cells and macrophages. To this end, poly-N-isopropylmethacrylamide 

(p(NIPMAM)) nanogels (NGs) with different cross-linking densities and sizes were 

incubated with C6 glioma cells and J774 macrophages in monoculture and coculture. 

By tuning the cross-linking density of NGs the stiffness is modulated, where lower 

stiffness is associated with a lower elastic modulus i.e. a softer NG.  

 
3.2 METHODS AND MATERIALS 
 

3.2.1 Nanogel preparation and characterization 
 

Nanogels were synthesized by precipitation polymerization as previously 

described with some adaptations to suit this study purposes.(27) Briefly, NIPMAM 

(Sigma-Aldrich #423548), nile blue acrylamide (NLB, Polysciences #25395), BIS 

(Sigma-Aldrich #146072) and sodium dodecyl sulfate (SDS) were added to a 100 ml 

glass round-bottom flask and dissolved in 45 ml of filtered ddH2O (0.2 µm Whatman 

filter), stirred and purged with N2. The solution was placed in an oil thermal bath at 

70°C and ammonium persulfate (APS, Sigma-Aldrich #A3679) dissolved in ddH2O and 

purged with N2 was added after 30 min. Polymerization time was recorded after 

addition of APS. Prior to use, NIPMAM 97% was purified by recrystallization from n-
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hexane and dried at reduced pressure using a rotary evaporator. Table 3.1 details the 

formulation conditions of the different nanogels used in this study. The crosslinking 

degree affects nanogel stiffness. 
 
Table 3.1 - Synthesis conditions for p(NIPMAM) nanogels with different cross-linking densities. All 
reactions were performed at 70°C in an oil bath. 

Nanogel NIPMAM BIS SDS NLB APS 
Polymerization 

time 

 mg mol% mg mol mM mg mg hours 

NG1.5 626 98.5 12 1.5 1.6 8 11 4 

NG5 604 95 39 5 2.5 10 11 2.5 

NG14 604 86 117 14 2.5 10 11 2.5 

NG5large 604 95 39 5 1.6 10 11 > 6 

 

 
3.2.2 Cell culture 
 

C6 glioma cells from rat were cultivated in Dulbecco’s modified Eagle medium 

high glucose (DMEM-HG) medium containing GlutaMAX™ and pyruvate (Gibco™, 

#31966021, Lot 2078361) supplemented with 7.5% (v/v) fetal bovine serum (FBS) and 

1% penicillin-streptomycin (PenStrep; Gibco™, #15140-122). J774 cell line derived 

from murine reticulum cell sarcoma of Mus musculus was also cultivated in DMEM-HG 

medium supplemented with GlutamaxTM-I (GibcoTM, #35050-038) and 10% (v/v) FBS. 

As macrophages continuous subculture may affect the macrophage immune functions, 

we used those cells up to passage 20 for uptake studies and up to passage 22 for 

reactive oxygen species (ROS) assays. 
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3.2.3 Co-culture preparation 
 

Co-cultures were stablished by combining glioma C6 cells and macrophages 

J774 at a 1:1 mixing ratio. First, 4 x 105 macrophages per ml in cell suspension were 

stained with CellTracker™ Green CMFDA Dye (#C7025, Lot 461354, InvitrogenTM) at 

2 µmol L-1 in DMEM-HG supplemented with 10% (v/v) FBS and GlutamaxTM-I for 40 

min at 37°C under moderate orbital shaking. Cells were washed twice with DMEM-HG 

medium by centrifugation at 500 g, 5 min. J774 cells without CellTracker™ Green 

CMFDA Dye were submitted to the same procedures except for the addition of 

CellTracker™ Green CMFDA Dye. Macrophages were seeded at 1 x 105 cells per well 

in a 24 or 6 well plate and incubated for 20 min at 37 °C, 5% CO2 in humidified incubator 

prior to addition of 1 x 105 C6 glioma cells.  

 

3.2.4 Flow cytometry 
 

Monocultures of C6 and J774 cells were prepared by seeding 1 x 105 cells per 

well in a 24-well plate and grown for 22 hours. For co-culture preparation, 2 x 105 cells 

were seeded per well at a 1:1 (C6:J774) ratio in a 24-well plate and grown for 22 hours. 

Staining procedures of macrophages were performed as described in Section 3.2.3. 

In short, the medium was removed, cells were washed one time with 1X PBS 

and 0.5 mL of nanogel suspension was incubated per well at a concentration of 100 

µg mL-1 in 1:1 ratio of C6 and J774 growth media. After 2 h incubation (37 °C, 5% 

CO2), the medium containing the nanogels was collected in flow cytometry tubes, cells 

were washed twice with PBS and 200 µl of PBS containing 4 mg ml-1 lidocaine and 10 

mM EDTA was incubated with the cells for up to 15 minutes. For uptake experiments, 

200 µl of ice-cold 1x PBS supplemented with 2 %(v/v) FBS and 5 mM EDTA (PFE) 

was added per well, cells were detached by thoroughly pipetting and collected in flow 

cytometry tubes. Wells were washed with 200 µl of PFE which was added tothe same 

tubes. Samples were centrifuged at 4°C, 500 g for 5 min twice and resuspended in 

PFE. Cells were kept on ice before being measured.  

ROS level analysis was performed on live cells. Following centrifugation, cells 

were incubated with ROS indicator 2',7'-dichlorodihydrofluorescein diacetate 

(H2DCFDA, Sigma-Aldrich, #D6883) at 1.1000 for 30 min. Data was analyzed using 

FlowJo V10 software (Tree Star, Inc.) and Origin 2020. Single-stained co-cultures and 
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monocultures were employed for compensation. Measurements were obtained using 

a CytoFlex S Flow Cytometer (Beckman Coulter) using the APC channel (670/30 band 

pass filter) and laser excitation 640 nm for NGs fluorescence detection and FITC 

channel (525/40 band pass filter) using laser excitation 488 nm to detect CellTracker-

stained cells. Data were analyzed using FlowJo V10 software (Tree Star, Inc.) and 

Origin. Because different nile blue-labelled NGs do not have the same fluorescence, 

geometric mean was corrected according to the fluorescence of each nanogel at 656 

nm ( lexcitation = 633 nm) at 100 µg ml-1 for comparison between NGs.(28) 

 

3.2.5 Cell viability assay   
 

C6 cells viability following exposure to nanogels NG1.5, NG5, NG14 and 

NG5large was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT, Sigma-Aldrich) assay. Cells were seeded into 96-wells plates at 5 x 103 

cells per well and grown for 24 h at 37 °C, 5% CO2 in humidified atmosphere before 

exposure to NGs at concentrations of 10 to 1000 ng mL-1 for 24 h in DMEM-HG medium 

supplemented with 7.5% (v/v) FBS and 1% (v/v) Pen/Strep in a volume of 100 µl per 

well. After 24 h, medium containing NGs was removed and cells washed once with 1x 

PBS. 0.5 mg ml-1 MTT solution (stock solution 5 mg ml-1 in 1x PBS) in DMEM-HG plus 

supplements was incubated for 3 h at 37 °C, 5% CO2. MTT-formazan crystals were 

dissolved in 100 µl dimethyl sulfoxide (DMSO) per well. Experiments were carried out 

in triplicate and compared to untreated cells. Absorbance was measured using a 

Fluostar-Optima microplate reader (BMG Labtech). 

 

3.2.6 Fluorescence microscopy 
 

Fluorescence microscopy samples were prepared in 6-well plates with initial 

seeding of 1 x 105 cells per well for monocultures and 2 x 105 cells per well for co-

culture with the cell ratio 1:1 (C6:J774). Cells were allowed to attach and grow for 22 

hours at 37°C, 5% CO2 in humidified incubator. For co-culture experiments, J774 cells 

were stained with CellTracker™ Green CMFDA Dye (#C7025, Lot 461354, 

InvitrogenTM) at 2 µmol L-1 as previously described for flow cytometry assay. After 22 

h, medium was removed and NGs were incubated at 1 mg ml-1 with 2 ml per well for 

24 h. NGs were removed, and cells were washed twice with 1x PBS and fixated with 
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3.7% paraformaldehyde (PFA) for 10 minutes. Following fixation, cells were incubated 

with 0.2% (v/v) Triton X-100 in 1x PBS for 3 minutes. Cells were washed with 1 x PBS 

three times and 2 µg ml-1 DAPI in 1x PBS was incubated for 30 min. Again cells were 

washed twice with 1x PBS, samples were mounted with PBS:glycerol (50:50) and a 

cover slip was carefully placed over the cells for each well. Images were acquired using 

an inverted Leica DMI6000 B microscope (Leica Microsystems) and N PLAN 10x/0.25 

DRY and HCX PL FLUOTAR L 40x/0.60 DRY objectives. Fluorescence filter cubes 

used were A4 for DAPI (BP 360/40; 470/40 nm), L5 for CellTracker™ Green CMFDA 

Dye (BP 480/40, BP 527/30) and Y5 (BP 620/60, BP 700/75) for the nanogels. 

 

3.2.7 Confocal microscopy 
 

Confocal microscopy was employed to assess cellular uptake of fluorescently 

labeled nanogels. Cells were seeded on coverslips and grown for 24 hours. 

Macrophages for co-culture were stained with CellTracker™ Green CMFDA Dye prior 

to seeding as previously described. After 24 h, monocultures and co-cultures were 

exposed to NGs for 2 h and incubated with 2 µg ml-1 Hoechst during the last 30 min. 

Then, samples were fixated with 3.7% PFA, mounted with PBS:glycerol (50:50) and a 

cover slip was carefully placed over the samples. Images were collected using a Leica 

TSC SP2 confocal microscope and a 63x immersion oil objective and treated with 

Fiji.(23) Z slice images were collected sequentially using two or three channels and 

excitation lasers 488 (ArKr) and 633 nm (HeNe). Stacks were collected where each 

image is 512 × 512 pixels. 

 

3.3 RESULTS AND DISCUSSION 
 

3.3.1 Nanogel characterization 
 

P(NIPMAM) nanogels of varying stiffness were prepared by tuning their cross-

linking densities and reactant contents. Nanogels of ~200 nm diameter were prepared 

with 1.5, 5, and 14 mol% BIS cross-linker, and nanogels of ~400 nm were prepared 

with 5 mol% BIS cross-linker. The size of the nanogels was determined by means of 

dynamic light scattering, and confirmed by TEM (Table 3.2, Figure 2.1). All nanogels 

showed a negative zeta potential (Table 3.2). The z-potential distributions at RT are 
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equivalent between all nanogels, except between NG1.5 and NG14. Nanogels with a 

similar size and different cross-linking densities showed the highest swelling ratio for 

the nanogel with the lower amount of cross-linker (Table 3.2, Figure 2.1E). Moreover, 

the swelling ratio is significantly different between the nanogels with different cross-

linking densities (NG1.5, NG5, NG14), but not between nanogels with similar 

crosslinking density (NG5 and NG5large) (Table 3.2, Figure 2.1E). Nanogels with 

different sizes and the same cross-linking density showed a similar swelling ratio 

(Table 3.2, Figure 2.1E).  

 
Table 3.2 - p(NIPMAM) nanogel properties. 1Number of particles measured from TEM images to 
estimate nanogel size. 

 

Z-average 

at 37 °C 

(nm) 

PdI 

TEM size 

(mean ± SD) 

(nm) 

Swelling 

ratio 

(d20/d50) 

z-potential 

at RT (mV) 

NG1.5 170 ± 44 0.07 
148 ± 18 

(25)1 
2.4+-0.1 -6.8 ± 3.1 

NG5 230 ± 64 0.04 
222 ± 56 

(101)1 
1.9 ± 0.1 -9.9 ± 6.5 

NG14 175 ± 40 0.02 
163 ± 56 

(107)1 
1.5 ± 0.02 -23.4 ± 7.9 

NG5large 423 ± 118 0.06 
474 ± 121 

(379)1 
2.1 ± 0.08 -6.5 ± 5.5 

 

 Overall, the p(NIPMAM) nanogel thermoresponsive behavior revealed an 

inverse correlation between crosslinking density and swelling ratio, which is in 

accordance with literature, i.e., micro/nanogels with higher crosslinking density show 

a lower swelling ratio, which  is indicative for an enhanced stiffness.(27,29). 

p(NIPMAM) microgels with similar cross-linking densities and swelling ratios displayed 

in our earlier work stiffnesses of 21 ± 8, 117 ± 20, and 346 ± 125 kPa, for 1.5, 5 and 

15 mol% BIS, respectively.(27) These results confirm that an increase in crosslinking 

density results in an increase in Young’s modulus, i.e., stiffness (Table 3.2). NGs with 
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the same cross-linking density but different sizes show the same Young’s modulus 

(Table 3.2; compare NG5large (425 nm, 5 mol% BIS) and NG5 (230 nm, 5 mol% BIS)), 

indicating that NG stiffness is not size-dependent. 

 

3.3.2 Direct co-culture 
 

 Co-culturing cells helps to assess their natural behavior and even improves 

cultivation of certain cell types. As for nanomaterials interaction, co-cultures can more 

reliably mimic the natural system to evaluate nanomaterials performance under the 

combined influence of multiple cell types. According to the environment to be 

mimicked, different spatial arrangements can be employed that can be categorized in 

direct and indirect co-culture. In the indirect co-culture system, only the paracrine 

communication can be evaluated, while direct co-culture will allow to study paracrine 

communication and heterotypic interactions. 

 Concerning the presence of GAMs in the glioma TME, a direct co-culture 

between glioma cells and macrophages could mimic the in vivo conditions more 

accurately. To distinguish between macrophages and cancer cells, macrophages were 

stained with CellTracker™ Green CMFDA Dye, which is well retained by cells and can 

be traced through a number of generations.  

                             
Figure 3.1 – Representation of cell population discrimination in direct co-culture of glioma cells and 
macrophages by gating fluorescence. C6 (glioma cells) and J774 (macrophages) populations were 
distinguished by staining the macrophages populations with CellTracker™ Green CMFDA Dye at 2 µmol 
L-1 in DMEM-HG supplemented with 10% (v/v) FBS and GlutamaxTM-I for 40 min at 37°C and gating 
fluorescence intensity. FITC-A- represents the C6 glioma cells population and FITC-A+, the J774 
macrophages population. 
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Using flow cytometry, the populations were discriminated by gating fluorescence 

intensity (Figure 3.1) and the uptake of NGs was evaluated for each cell type. The 

macrophage population within the co-culture after 24 h growth and 2 h incubation with 

or without NGs treatment represented about 30% of the total cell population. 
 

3.3.2 In vitro cellular uptake of nanogels in monocultures and co-cultures 
 

NG uptake was evaluated in direct co-culture of C6 glioma and J774 

macrophages, as well as in monocultures using flow cytometry. Figure 3.2 shows the 

cellular uptake levels of p(NIPMAM) NGs of different cross-linking densities (NG1.5, 

NG5 and NG14) with C6 rat glioma cells (Figure 3.2A) and murine J774 macrophages 

(Figure 3.2B) monocultures. It is evident that the softer NGs, NG1.5 and NG5, are 

internalized to a lesser extent than the stiffer NG14 by both cell types. These findings 

are in accordance with literature reports for nanoparticles with similar properties in 

monocultures(21,30,31) and also with theoretical models.(32,33) Lower internalization 

of softer NPs is caused by the reduction of plasma membrane bending that affects the 

wrapping process. However, bending variation between NG1.5 and NG5 appears not 

divergent enough to have an influence on NGs internalization levels. This can possibly 

be explained by  the NGs stiffness variation, where NG1.5 elastic modulus is about 20 

kPa and NG5 120 kPa, while NG14 is about 350 kPa, as reported in our earlier 

work.(27) The lower uptake of soft NPs by macrophages is an indication of longer 

blood half-life in vivo and often leads to increased accumulation in tissues. As reported 

by Anselmo et al, not only blood circulation was longer for soft particles, but also organ 

retention was enhanced, including brain accumulation. Because soft NPs remain at 

higher concentrations in the blood than hard NPs, even though significance was 

encountered only in short times, the organs with higher blood output are favored and 

show greater accumulation of soft particles.(21) In addition to NP clearance, NP 

transcytosis across the blood-brain barrier (BBB) is a great limiting factor to the 

treatment of central nervous system (CNS) disorders. Evasion strategies to escape the 

mononuclear phagocytic systems can increase the accumulation of particles at the 

BBB, although it does not guarantee the efficacy in transcytosis.(34–36)  
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Figure 3.2 – Effect of NGs stiffness and size on the interaction with monoculture and co-culture of glioma 
and macrophages cells. NG1.5, NG5 and NG14 (stiffness effect) in A) C6 glioma cells cells in 
monoculture and co-culture with J774+ cells and, B) J774+ cells in monoculture and co-culture with C6 
glioma cells. NG5 and NG5large (size effect) intracellular fluorescence levels evaluation in C) C6 glioma 
cells in monoculture and co-culture with J774+ cells and, D) NG5 and NG5large (size effect) intracellular 
fluorescence levels evaluation in J774+ cells in monoculture and co-culture with C6 glioma cells. C6 
and J774+ cells were exposed to 50 µg (100 µg mL-1) of nile-blue labelled nanogels NG1.5, NG5, 
NG5large and NG14 for 2 h at 37 °C, 5% CO2 and interaction was evaluated by flow cytometry. The 
intracellular fluorescence intensities were corrected by dividing the mean fluorescence intensity of the 
cells by the fluorescence intensity of the NG stock dispersions (100 µg ml-1). Values are represented 
as mean ± SD of four independent experiments and each experiment was performed in duplicate. Data 
was analyzed using two-sample t-test and significances are indicated by * for p-value < 0.05, ** for p-
value < 0.01 and *** for p-value < 0.001. 
 

When comparing particles of similar cross-linking densities but different sizes, 

NG5 and NG5large (Figure 3.2C, D), the larger particles were internalized to a higher 

extent by macrophages (Figure 3.2D). Such behavior is consistent with literature for 

phagocytosis of particles, which describes maximum phagocytosis for particles 

between 1-3 µm. The phagocytic capability increases from smaller to larger particles 

up to 1-3 µm and this effect correlates with the NP propensity to attach to the cellular 

membrane.(37) Modeled by Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, 

particle-membrane adhesion is dependent on surface roughness and particles in the 

optimal size range are able to establish more contact points than smaller or larger 
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particles.(37,38) In addition, NP stiffness as well as size can indirectly influence NP 

internalization due to their influence on corona formation.(39–42)  

When the effect of stiffness and size were investigated in co-culture, the 

preference for uptake of the stiffer NGs and larger NGs remained (Figure 3.2C, D). 

However, if we compare the co-culture uptake levels with the levels in monoculture, 

only the uptake of softer NGs in macrophages presented significant changes (p-value 

< 0.05), showing higher uptake of soft NGs by macrophages under co-culture 

conditions. Macrophage populations are heterogeneous and traditional classification 

of macrophage polarization is M0, M1 and M2. In tumor microenvironments, M2 

macrophages are correlated to tumor progression and M1 polarization to pro-

inflammatory response. Tumor-derived factors like cytokines and growth factors can 

induce macrophage differentiation.(43,44) Stimulated macrophages exhibit greater 

phagocytic capacity than non-stimulated macrophages.(45–47) The evaluation of 

surface markers like CD163 and CD204, and cytokines like IL-10 is used for 

macrophage profiling and labels GAMs as M2 macrophages. However, microarray 

analysis of TMEs of gliomas suggests only a partial correspondence with the gene 

expression patterns of the M1 and M2 polarization states,(48,49) justifying the need of 

co-culturing cancer cells and macrophages to -at least partially- mimic the tumor 

environment response to therapeutics and nanomaterials. 

C6 glioma NG uptake levels were compared to NG uptake in J774 macrophages 

in mono- and co-culture (Figure 3.3A, B). The differences in NG uptake between the 

two cell types is more pronounced in co-culture with increasing differences as stiffness 

and size increase (1.9 (NG1.5), 2.2 (NG5), 2.7 (NG14) and 2.8-fold (NG5large)), than in 

monoculture (1.3 (NG1.5), 1.3 (NG5), 1.8 (NG14) and 2.2-fold (NG5large)). For the soft, 

the stiff and the large NGs the differences in uptake are statistically significant in the 

co-culture system, (Figure 3.3B), whereas for monocultures the differences in uptake 

are statistically significant only for the stiff and large NGs. (Figure 3.3A). Again, these 

results could be explained by a change in macrophage behavior due to the presence 

of glioma-derived factors that stimulate the J774 macrophages.  
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Figure 3.3 – Evaluation of NGs uptake in monoculture and co-culture of glioma cells and macrophages. 
Comparison between intracellular fluorescence of nanogels NG1.5, NG5, NG14 and NG5large by C6 cells 
and J774 CellTracker™ Green CMFDA Dye-stained macrophages in A) mono (C6 and J774+) and B) 
co-culture (coC6 and coJ774+). 500 µL of a 100 µg mL-1 NGs dispersion were incubated for 2 h for 
uptake assessment. The intracellular fluorescence intensities were corrected by dividing the mean 
fluorescence intensity of the cells by the fluorescence intensity of the NG stock dispersions (100 µg ml-
1). Values are represented as mean ± SD of four independent experiments. Data was analyzed using 
two-sample t-test and significances are indicated by * for p-value < 0.05, ** for p-value < 0.01 and *** 
for p-value < 0.001 
 

3.3.3 Nanogels stiffness has an impact on cell viability  
Considering the uptake results for the NGs in both monoculture and co-culture 

conditions, we investigated the in vitro viability of C6 cells exposed to NGs by MTT 

viability assay. As shown in Figure 3.5A, B, NGs toxicity is concentration, stiffness and 

size-dependent. A substantial reduction in cell viability was observed at 500 and 1000 

µg mL-1 for the softer smaller nanogels, NG1.5 and NG5, as supported by the 

fluorescence microscopy images in Figure 3.4C.  
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Figure 3.4 – Glioma cells response to p(NIPMAM) NGs stiffnesses and size. Cell viability evaluation by 
colorimetric MTT viability assay of C6 glioma cells exposed to nanogels with A) different cross-linking 
density, NG1.5, NG5 and NG14, and B) different sizes, NG5 NG5large for 24 hours at 37 °C, 5% CO2. C) 
Toxicity assessment of C6 glioma cells by fluorescence microscopy exposed to 1 mg mL-1 of NG1.5, 
NG5, NG14 and NG5large for 24 hours at 37 °C, 5% CO2. Nuclei were stained with 2 µg mL-1 DAPI for 
30 min and images were acquire with and HCX PL FLUOTAR L 40x/0.60 DRY objective. Values are 
represented as mean ± SD of three independent experiments and each experiment was performed in 
triplicate. Data was analyzed using two-sample t-test and significances are indicated by * for p-value < 
0.05 and *** for p-value < 0.001. Bars: 20 µm. 
 
 To compare the toxic response of C6 glioma cells and J774 macrophages (in 

monoculture) toward NGs, cells were exposed to 2 mg of NGs at 1 mg mL-1 in 6-well 

plates for 24 hours at 37 °C, 5% CO2. Figure 3.5 clearly shows that NG1.5 had a toxic 

effect, especially on C6 glioma cells and, to a lesser extent, on J774 macrophages. 

NG1.5 virtually killed all the cells. It should be highlighted that although the 

internalization of the harder NGs was more pronounced, it did not lead to a higher 

cytotoxicity. The results indicate a more toxic effect of especially soft NGs towards 

glioma than to macrophages. 
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Figure 3.5 - Monocultures response to NGs stiffness. Fluorescence microscopy of monocultures of A) 
C6 glioma cells and B) J774 macrophages after exposed to NG1.5, NG5, NG14 and NG5large for 24 
hours at 1 mg ml-1. Images were acquired with and N PLAN 10x/0.25 DRY objective and nuclei are 
stained with DAPI. Bars: 20 µm. 
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Figure 3.6- Fluorescence microscopy of co-culture of C6 glioma cells and J774 macrophages after 
exposed for 24 h to NG1.5, NG5 and NG14. Nuclei are stained with DAPI and macrophages were 
stained with CellTracker™ Green CMFDA Dye. NGs were labelled with nile blue, although the 
fluorescence intensity is not the identical among them, where NG1.5 shows the higher intensity followed 
by NG5 and NG14. Scale bar: 20 µm. 
 

Figure 3.6 displays the toxic response of softer NGs towards C6 glioma cells in 

co-culture with J774 macrophages. The uptake of NGs by C6 cells in co-culture did 

not show significant variations compared to the uptake in monoculture. It was therefore 

expected that the cytotoxic effect of the soft NGs against C6 glioma cells was also 

unaffected. However, the fluorescence and optical microscopy images (Figure 3.6 and 

Figure 3.7) reveal an improved survival of the cancer cells when they are combined in 

direct co-culture with the macrophages. In optical microscopy images of C6 cells as 

monoculture, the round-shaped bodies are injured cells that detached from the plate, 

and which were removed with the medium containing the nanogels upon processing 

the samples for investigation by fluorescence microscopy.  
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Figure 3.7 – Optical microscopy of monocultures of C6 glioma cells, J774 macrophages and co-culture 
of C6 and J774 cells after exposed for 24 hours to NG1.5, NG5, NG14 and NG5large in 6-well plates. 
First row are the cells without exposure to NGs.  
 

It has been reported that tumor-associated macrophages alter the toxic activity 

of several compounds and nanoparticles.(11,50–53) This has been attributed to the 

upregulation of scavenger receptors and ROS-scavenging enzymes in macrophages 
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in the presence of tumor cells, which lowers the stress level in the tumor cells, thus 

promoting tumor progression.(54,55) 

 
Figure 3.8 – Crystal formation in the presence of NG5 and NG1.5 nanogels. Optical microscopy of 
monocultures of C6 glioma cells exposed to 500 µg ml-1 of A) NG1.5 and B) NG5 for 24 h and of J774 
macrophages 500 µg ml-1 of C) NG1.5 and D) NG5 for 24 h. Optical microscopy images of co-culture of 
C6 and J774 cells after exposed for 24 hours to 1 mg ml-1 E) NG1.5 and F) NG5.  
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Furthermore, in optical microscopy analysis, needle-shaped crystal formation 

was identified in mono and co-culture conditions upon incubation with soft NGs (Figure 

3.8). Crystal formation is linked to ROS induction in diverse diseases, including 

cancer.(56–59) Overall, after exposure of C6 glioma cells and J774 macrophages in 

monoculture and co-culture to soft NGs, we detected the appearance of crystals, as 

well as round-shaped bodies and cell debris, which might indicate apoptotic events 

(Figure 3.7 and 3.8) 

By laser scanning confocal microscopy, we detected few multinucleated 

macrophages in the macrophage monocultures in response to the softer NG1.5. A 

representative image of a multinucleated cell is shown in Figure 3.8. The 

agglomeration of macrophages could be related to a well-known feature of the foreign 

body reaction, i.e., the formation of multinucleated giant cells (MGCs) by the fusion of 

macrophages.(60) MGC formation is a commonly reported reaction towards implanted 

‘foreign’ materials and is often associated with the rejection of the material due to 

rigorous phagocytic activity  to engulf the material for degradation.(61) Before fusion, 

the macrophages try to degrade the material through the production of reactive oxygen 

species (ROS) and enzymes. 

 

 
Figure 3.9 – Confocal images of multinucleated macrophage J774 cell. A) Hoechst staining, B) NGs, C) 
Lysotracker (lysosomes and late endosome staining) and D) Merge of A, B and C.  
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Figure 3.10 – Intracellular ROS generation by NGs in monoculture and co-culture. A) Evaluation of ROS 
production by NGs with different stiffness, NG1.5, NG5 and N14 in monoculture of C6 and J774 and co-
culture of C6 and J774. B) ROS generation in monoculture and co-culture conditions due to NGs 
response. Cells were treated for 2 h with 50 µg (100 µg ml-1) at 37 °C, 5% CO2. Data was analyzed 
using two-sample t-test and significances are indicated by * for p-value < 0.05, ** for p-value < 0.01 and 
*** for p-value < 0.001. 
 

Next, we investigated the ROS response of C6 glioma cells and J774 

macrophages to incubation with NG1.5, NG5, NG14. Figure 3.10A shows that ROS 

production in C6 glioma cells is inversely correlated with NG stiffness, showing highest 

ROS production in the presence of the softest NG. ROS has quite paradoxical effects 

in cancer cells. Whereas an increase in ROS production stimulates cancer initiation 

and tumor progression, several chemotherapeutic agents are known ROS-inducers 

and –conversely- inhibit cancer growth. The idea is that these chemotherapeutics 

elevate the intracellular levels of ROS in (already stressed) cancer cells and tip the 

balance to the point where ROS inflicts damage to DNA, lipids, carbohydrates, and 

proteins causing cell death.(62–64) The ROS levels in C6 glioma cells upon incubation 

with the different NGs correlate with the levels of cytotoxicity, showing highest ROS 

generation and cytotoxicity for the softest NG. As expected, ROS production in 

macrophages was higher than in glioma cells, although the toxic effect was lower. This 

can be explained by adaptive mechanisms that allow the macrophages to survive to 

increased stress.(65,66). Interestingly, the ROS levels in co-culture were severely 

reduced compared to the monoculture of macrophages (Figure 3.10B) This may 

explain for the reduced NG-induced toxicity in C6 glioma cells in co-culture conditions, 

suggesting a cytoprotective effect of the presence of macrophages on C6 glioma cells 

incubated with NGs. Unfortunately, we could not discriminate between ROS 

generation in macrophages and C6 cells in the co-culture, because of an overlap in 
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the fluorescence spectra of the CMFDA cell tracker dye, that we used to label the 

macrophages, and the ROS indicator H2DCFDA.   

 

3.4 CONCLUSION 
 

 The use of co-cultures to better mimic the interplay of different cell types in the 

in vivo tumor environment can help to predict the behavior of nanomaterials in the in 

vivo biological context, to predict treatment efficacy. Here we focused on an important 

cell type in the glioma microenvironment, the peripheral macrophages.(67) Using 

monocultures and a co-culture of glioma cells and macrophages we were able to 

determine differences in cell behavior in response to nanomaterials, specifically 

P(NIPMAM) nanogels of different stiffness and size. Stiffer NGs (NG14) were more 

internalized compared to the softer ones (NG5 and NG1.5) by both cell types, most 

likely as a response to enhanced cellular membrane bending and wrapping kinetics.  

In addition, distinct corona profiles on the different NGs may have influenced NG 

uptake kinetics, of which the possible relation with particle stiffness requires further 

exploration.(33,39–42,68,69) Generally, soft particles evade phagocytic cells and 

consequently would offer longer blood half-life, contributing to accumulation in organs 

with higher blood demand.(21) As soft NGs were taken-up less by the macrophages, 

we have an indication of lower clearance of those particles by the MPS. Additionally, 

higher levels of transcytosis were achieved by softer NGs in our previous work, as 

described in Chapter 2 of this thesis (26).  

In addition, we found that NG-induced cytotoxicity in C6 glioma cells was 

dependent on the stiffness of NGs, and correlated with intracellular ROS levels. The 

softest NGs induced the highest ROS levels and most pronounced cytotoxicity. 

Moreover, we analyzed the effect of NGs with different hydrodynamic diameters and 

concluded that the larger NGs, NG5large, were internalized more efficiently than the 

smaller NG5 by both macrophages and glioma cells. We hypothesize that  larger NGs 

may be advantageous for CNS disorder therapies targeting macrophages since we did 

not observe a significant alteration in transcytosis level between NG5 and NGlarge.(26)  

In the direct co-culture system, a significant increase in uptake of NG1.5 and 

NG5 by macrophages was observed compared to monoculture. Furthermore, the co-

culture environment led to a reduction in toxicity towards C6 glioma cells, as 

determined by cell morphological investigation by fluorescence and optical 
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microscopy. Combined ROS levels of C6 and J774 macrophages in direct co-culture 

were radically reduced when compared with ROS levels of J774 macrophages in the 

monoculture. This reduction indicates a possible effect on the macrophage 

phenotyping and behavior towards the presence of C6 glioma cells, which augments 

the importance of exploring co-culture systems to better mimic the in vivo condition 

and predict the in vivo fate of nanomaterials. 
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