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ABSTRACT: Soft hydrogel particles with tunable mechanical properties are promising for next-generation therapeutic 
applications. This is due to the increasingly proven role that physicochemical properties play in particulate-based delivery 
vectors, both in vitro and in vivo. The ability to understand and quantify the mechanical properties of such systems is 
therefore essential to optimize function and performance. We report control over the mechanical properties of 
poly(methacrylic acid) (PMA) hydrogel particles based on a mesoporous silica templating method. The mechanical prop-
erties of the obtained particles can be finely tuned through variation of the cross-linker concentration, which is hereby 
quantified using a crosslinking polymer with a fluorescent tag. We demonstrate that the mechanical properties of the 
particles can be elucidated using an atomic force microscopy (AFM) force spectroscopy method, which additionally al-
lows for the study of hydrogel material properties at the nanoscale through high-resolution force mapping. The Young's 
modulus and stiffness of the particles was tuned between 0.04 to 2.53 MPa and 1.6 to 28.4 mN m-1, respectively, through 
control over the cross-linker concentration. The relationship between concentration of cross-linker added and amount of 
adsorbed polymer were observed to follow a Langmuir isotherm, and this relationship was found to correlate linearly with 
the particle mechanical properties. 

INTRODUCTION 

Nanostructured particulate materials are expected to 
revolutionize diagnostics and the delivery of 
therapeutics.1-4 Such finely engineered systems have a 
number of advantages, including; precise targeting of the 
therapeutic, improved solubility and circulation half-life, 
reduced immunogenicity, and improved therapeutic 
index.4 Submicron-sized hydrogel particles with tunable 
physicochemical properties have demonstrated in vitro 
vaccine delivery,5 nitric oxide inhibition,6 and effective 
doxorubicin delivery to colorectal cancer cells.7 While 
research into such treatments has progressed 
considerably, the efficiency of therapeutic vectors for 
intracellular delivery is often limited by their interactions 
with cell membranes.8 To optimize particulate delivery 
for biomedical applications, precise and tunable control 
over the surface chemistry, geometry and mechanics has 
therefore been outlinded as an effective approach for 
generating next-generation clinical models.4,9,10 

Experimental studies highlight the influence of 
hydrogel mechanical properites on fundamental 
circulatory or cellular responses during therapy.10 Stiff 

particles have been shown to be more efficiently cleared 
from the body via the immune system than softer elastic 
counterparts.4,11,12 For example, Discher and coworkers 
found that flexible filamentous micelles align in capillary 
flow streams and evade phagocytic clearance.12 This 
observation was found to be a result of the mechanics of 
the long micelle, as subsequent crosslinking (and 
resultant stiffness increase) led to rapid clearance. 
Additionally, studies have shown that the mechanical 
propeties of hydrogel microparticles have an influence on 
cellular uptake mechanisms and kinetics.13,14 Banquy et al. 
demonstrated that although more rigid acrylamide 
particles were favorable for internalization into RAW 
264.7 murine macrophages, particles with an 
intermediate elastic modulus exhibited rapid uptake 
kinetics as they were able to utilize multiple 
internalization mechanisms.14 Such investigations 
highlight the importance of fine-tuning elastic properties 
for mediating cellular response.  

The elastic properties of single submicron-sized 
hydrogel particles are generally characterized using 
atomic force microscopy (AFM) force spectroscopy.5,14,15 
This allows for the material compliance (k-1) and Young's 
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modulus (EY) to be elucidated using controlled 
intendation measurements. This is a useful technique for 
monitoring subtle changes in particle mechanical 
properties arising from different crosslinking degrees,14 
buffer pH,16 or other external triggers.15 Von Klitzing and 
coworkers, using AFM, recently demonstrated a reversible 
temperature-dependency for the EY of poly(N-
isopropylacrylamide-co-acrylic acid) microparticles.15 Due 
to the wide range of AFM cantilever spring constants 
available, it is relatively straightforward to match material 
and cantilever compliance, allowing for the measurement 
of extremely soft materials. Using AFM force 
spectroscopy, studies have previously reported on the 
relationship between the mechanical properties of 
nanostructured systems, and the extent of chemical 
crosslinking.5,17-19 Generally, a limiting relationship has 
been found, where film properties plateau with increasing 
crosslinking degree. This was demonstrated for planar 
polyelectrolye films by Picart and coworkers, who 
observed such a relationship dependence between 
mechanical properties and the concentration of 
carbodiimide cross-linker introduced.20 This was likely 
due to the linear relationship found between film 
mechanics and cross-linker density, quantified using 
Fourier-transform infrared spectroscopy. 

We recently reported a facile and robust approach for 
the preparation of polymer replica particles via 
mesoporous silica (MS) templating.21 This approach has 
been shown to be versatile in terms of polymer type and 
crosslinking strategy, and can also be used to tailor the 
composition, morphology, and porosity of the 
nanostructures, and their responsiveness to biological 
stimuli.5,21 Different therapeutics have been incorperated 
into such polymer replica particles for drug and gene 
delivery.22 In this article, we sought to investigate the 
influence of crosslinking density on the mechanical 
properties of submicron-sized hydrogel particles. A bulk 
hydrogel was obtained via polymer infiltration into MS 
template particles together with varying amounts of 
crosslinking polymer, followed by template removal. 
Through control over the amount of added cross-linker, 
the obtained nanoporous polymer replica particles exhibit 
tunable crosslinking density and mechanics. Fluorescent 
tagging of the cross-linker allowed for quantificaion of the 
cross-linker amount that had been incorporated into the 
particle. This provides a versatile approach for 
determining the amount of cross-linker in hydrogel 
microparticle systems, and allows correlation of this 
parameter to the tunable mechanical properties 
elucidated from AFM force spectroscopy measurements. 
To our knowledge, this represents the first quantification-
based analysis of the mechanisms for mechanical 
strengthening of nanostructured hydrogel particles. Such 
efforts are crucial for the development of hydrogel thera-
peutic delivery vectors with tailored mechanical proper-
ties. Herein, this is achieved through the novel coupling 

of fluorescence spectrophotometry with AFM for the in-
terrogation of sub-micron-sized PMASH hydrogels.  

EXPERIMENTAL METHODS 

Materials. The pH of all solutions was measured with a 
Mettler-Toledo MP220 pH meter. High purity (Milli-Q) 
water with a resistivity of >18.2 MΩ cm was obtained from 
an inline Millipore RiOs/Origin water purification system. 
Dialysis tubing (68035-35FT) with a molecular weight 
cutoff (MWCO) of 3500 Da was obtained from Thermo 
Scientific. Poly(methacrylic acid, sodium salt) (MW = 15 
kDa) was purchased from Polysciences. 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), dithiothreitol 
(DTT), ammonia (28 - 30%), (3-
aminopropyl)triethoxysilane (APTES), polyethyleneimine 
(PEI, 25 000 g mol-1), phosphate buffered saline (PBS), 3-
(N-morpholino)propanesulfonic acid (MOPS), 2-(N-
morpholino)ethanesulfonic acid (MES), sodium acetate 
(NaOAc), and hydrofluoric acid (HF) were obtained from 
Sigma-Aldrich. Cadaverine-functionalized Alexa Fluor 
488 dye (AF488) was purchased from Invitrogen (Austral-
ia). Pyridine dithioethylamine hydrochloride (PDA·HCl) 
was purchased from Speed Chemicals (Shanghai). All 
chemicals were used as received. Nuclear magnetic reso-
nance (NMR) spectra were recorded in D2O using a 400 

MHz Varian INOVA system at 25 C. 

Polymer Preparation. PMA sodium salt (100 mg) was 
dissolved in a filtered (0.2 µm) and deoxygenated (N2 (g) 
stream, 15 min) PBS solution (25 mL, 100 mM, pH 7.4). 
PDA·HCl was added in a stoichiometric excess of 1.75 
equivalents of the target PDA-functionalization percent-
age (15 mol%) and EDC in a stoichiometric excess of 2.90 
equivalents under stirring at 24 °C. The resulting solution 
was stirred at 24 °C for 18 h under a N2 (g) atmosphere, 
after which the solution was dialyzed against Milli-Q wa-
ter over a period of 5 days, with frequent exchange of the 
dialysis solution. The resulting purified solution was 
freeze-dried to give PMA-PDA as a white solid.  

Preparation of PMASH Cross-Linker. Aliquots (30 mg) 
of purified PMA-PDA were reacted with the fluorescent 
label, AF488, using carbodiimide linking chemistry. The 
aliquot of PMA-PDA was first dissolved in 3 mL of PBS 
(100 mM, pH 8.0), 10 mg EDC was added, and the mixture 
was stirred for 10 min. To this solution, 30 µL of AF488 (1 
mg mL-1 in DMSO) was added, and the reaction mixture 
was stirred overnight, while protected from light. The 
resulting fluorescently labeled polymer was dialyzed 
against Milli-Q water for 48 h, with frequent exchange of 
the dialysis solution. The purified solution was freeze-
dried to give the product as a light-yellow solid. Labeled 
PMA-PDA was stored at 4 ºC. To convert the AF488-
labeled PMA-PDA to a thiol-functionalized PMA (PMASH) 
reaction solution (2 mg mL-1), 1 mg of labeled PMA-PDA 
was dissolved into 10 µL of 0.5 M DTT (MOPS, 20 mM, pH 
8.0) and 10 µL of Milli-Q water, and incubated for at least 
30 min at 37 ºC with constant agitation to cleave the 2-
mercaptopyridine moieties to leave reactive free thiol 
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groups. PMASH was then diluted to 100 µL, and purified 
via size exclusion chromatography (SEC) using a NAP-5 
desalting column equilibrated using NaOAc buffer (pH 
5.0). The purified PMASH was then collected into 500 µL 
of NaOAc buffer to give the 2 mg mL-1 crosslinking solu-
tion. 

MS Preparation and Surface Modification. MS parti-
cles were synthesized according to a modified literature 
method.23 To aid polymer loading, MS particles were 
functionalized with a layer of primary amine by APTES 
modification to promote polymer adhesion and infiltra-
tion. In this process, the MS particles were dispersed in 
ethanol with a concentration of 30 mg mL-1 by sonication 
for 10 min, before ammonia and APTES were added to the 
suspension. The volume ratio of ethanol:ammonia:APTES 
was fixed at 20:1:1 and the suspension was allowed to stir 
overnight. APTES-modified MS particles were finally 
washed with ethanol and Milli-Q water. 

PMASH Particle Fabrication. APTES-functionalized MS 
(2.5 mg) was added to a PMA-PDA (5 mg mL-1) in NaOAc 
(0.1 M, pH 5.0) solution at a mass ratio of 0.3:1 poly-
mer:MS. This solution was vortexed and sonicated thor-
oughly, and allowed to incubate overnight with constant 
agitation. Infiltrated MS was then washed via centrifuga-
tion three times (3 min, 1100 g) and resuspended in ace-
tate buffer. The pellet was divided evenly (5 × 0.5 mg MS), 
200 µL of PMASH solution added at different concentra-
tions in PBS buffer (2.0, 1.0, 0.5, 0.2, 0.1 mg mL-1), and in-
cubated overnight. After two washing cycles with Milli-Q 
water, the MS templates were dissolved with 50 µL of a 5 
M HF solution (pH 1.0). Caution! HF is highly toxic. Ex-
treme care should be taken when handling HF solution and 
only small quantities should be prepared. The resultant 
PMASH particles were centrifuged (3 min, 3000 g) and 
washed three times with PBS buffer. A schematic repre-
sentation of this process is illustrated in Figure 1A. 

Characterization Methods. Hydrogel microparticles 
were imaged on an Olympus IX71 inverted fluorescence 
microscope (100×/1.40 oil objective, Olympus). Confocal 
laser scanning microscopy (CLSM) experiments were per-
formed on a Leica TCS SP2 confocal system equipped 
with an HCX PL APO lbd.BL 63× 1.4NA oil objective. For 
electrostatic immobilization, microscope coverglasses 
(ProSciTech) were immersed into PEI solutions (1 g L-1, 0.5 
M NaCl) for 15 min, rinsed with water, and dried under a 
nitrogen stream. Transmission electron microscopy ex-
periments (TEM, Philips CM120 BioTWIN, operated at 120 
kV) were performed by placing samples in buffer (2 µL) 
onto Formvar-coated copper grids and allowed to air-dry. 
Milli-Q water was dropped on the copper grid to dissolve 
precipitated buffer salts and tissue paper was used to re-
move the droplet. Non-contact mode atomic force mi-
croscopy imaging was performed in air using a JPK Nan-
owizard II (JPK Instruments AG, Berlin, Germany) with 
soft tapping-mode cantilevers (5 N m-1, Tap150-G, Budget 
Sensors, Bulgaria). Images were post-treated using JPK 
image processing software and algorithms. A three-point 

1st degree polynomial fit was first subtracted from the im-
age, and then a polynomial fit subtracted from each scan 
line independently, excluding capsule regions. Prior to 
measurement, cantilevers and glass substrates were im-
mersed in a 30 vol% isopropanol solution, followed by 
Milli-Q water, and further cleaned using oxygen plasma 
for 180 s (Harrick Plasma, 0.1 L min-1, 29.6 W, 300 mTorr). 
Cleaned substrates were also treated with a monolayer of 
PEI to promote particle immobilization. To determine the 
microparticle concentration of the particle dispersions, 
flow cytometry analysis was performed on a CyFlow Space 
(Partec GmbH) flow cytometer using an excitation wave-
length of 488 nm. For each measurement at least 15 000 
events were analyzed. The fluorescence emission intensity 
of PMASH solutions was measured using a Horiba 
Fluorolog-3 Model FL3-22 spectrofluorometer (Jobin Yvon 
Inc., USA) equipped with a HgXe lamp (excitation wave-
length, 488 nm; emission wavelength, 519 nm; increment 
size, 1 nm; excitation and emission slit widths, 1 nm).  

AFM Force Spectroscopy. Mechanical characterization 
of the PMASH particles was performed using a JPK Nan-
owizard II AFM. The measurement temperature was held 
at 23 ± 1 ºC using a thermo-regulated BioCell add-on (JPK 
Instruments AG). High-reflectance cantilevers were used 
with nominal spring constants ranging from 0.03 to 0.09 
N m-1 (CSC38/Cr-Au, MikroMasch, Estonia). Substrates 
and cantilevers were cleaned and prepared as described 
above. Cantilevers were calibrated in air on the PEI-
coated substrates prior to measurement, using the ther-
mal noise method.24 After calibration, 1 µL of a diluted 
(10×, PBS) particle suspension was dispensed onto the 
substrate and ca. 150 µL of PBS buffer was added. The 
cantilever was then fully immersed in the droplet, and the 
inverse optical lever sensitivity (InvOLS) of the cantilever 
remeasured in buffer. Particles immobilized on the sur-
face could be visualized in situ using a Leica DMI 4000B 
optical microscope and 40× objective (Leica Microsystems 
GmbH, Wetzlar, Germany). Force spectroscopy meas-
urements were then made on the hydrogel particles by 
optically aligning the cantilever tip above individual par-
ticles, and initiating an approach-retract force cycle with 
a constant piezo velocity of 3.0 µm s-1. It was seen that 
when deforming immobilized particles, the force-
displacement gradient differed significantly from the In-
vOLS of the PEI-coated substrate. For force mapping 
analysis, a piezo retract time of 0.3 s was also used be-
tween individual measurements. A schematic representa-
tion of this process is shown in Figure 1B. 

RESULTS AND DISCUSSION 

Fabrication and Characterization of Nanoporous 
PMASH Particles. To construct polymer particles with a 
high loading capacity, MS particles with a bimodal pore 
structure (smaller mesopores in the 2–3 nm range and 
larger mesopores between 10–40 nm) were used as tem-
plates. Nitrogen adsorption data previously reported indi-
cated that the MS particles had a surface area of 893 m2 g-1 
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and a pore volume of 1.34 cm3 g-1.5 Previous transmission 
electron microscopy (TEM) and scanning electron mi-
croscopy (SEM) studies revealed that the mean diameter 
of the MS particles was ca. 800 nm.5 These MS particles 
with large mesopores and extensive surface area have 
proven to be excellent templates for the assembly of pol-
ymer particles from large molecular weight macromole-
cules, for biological applications.5,22 

 

Figure 1. (A) PMASH particle fabrication and (B) single parti-
cle AFM force measurement. PMA-PDA is added to MS (1), 
then fluorescently labeled PMASH is introduced and oxidized 
to form disulfide cross-links (2). The MS is removed via HF 
treatment to yield stable PMASH replica particles (3). In B a 
representative force-deformation (F-δ) curve is shown, along 
with the Sneddon equation and example Young’s modulus 
map for a single hydrogel particle (scale bar 500 nm). 

From integration of the corresponding 1H-NMR spec-
trum (SI, Figure S1), it was determined that PMA-PDA 
contained 14 mol% thiol functionality. Loading of the 
modified MS with PMA-PDA, crosslinking with variable 
concentrations of PMASH as per Scheme S1 (SI), and disso-
lution of the MS core, led to the formation of stable repli-
ca particles (Figure 1). As can be seen from fluorescence 
microscopy (Figure 2) and CLSM (SI, Figure S2) images, 
there was successful loading of the fluorescently labeled 
PMASH into the MS template particles, and subsequent 
covalent attachment. Due to the absence of hydrogen 
bonding and additional charge repulsion above 
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Figure 2. Characterization of nanoporous PMASH particles with varying cross-linker concentration: (A) 2.0, (B) 1.0, (C) 0.5, (D) 
0.2, and (E) 0.1 mg mL-1. Fluorescence microscopy (top, scale bar 10 µm), AFM height (middle, scale bar 1 µm), and TEM images 
(middle inset, scale bar 500 nm) are shown. AFM height profiles (bottom) are shown for corresponding AFM height images. 

the dissociation constant of PMA (pKa ~5.65),25 particles 
without an established covalent crosslinking network 
would disintegrate at pH 7.4. The fluorescence intensity 
of individual particles was observed to decrease with de-
creasing PMASH concentration from CLSM intensity pro-
files (SI, Figure S2), while a slight decrease in particle 
concentration was also observed by fluorescence micros-
copy (Figure 2). This is likely due to a decrease in particle 
density with decreasing cross-linker concentration, lead-
ing to removal of a small fraction of particles during 
washing steps. This reasoning can be correlated to TEM 
and AFM imaging results (Figure 2). TEM images show 
that particles fabricated with a greater concentration of 
crosslinking PMASH exhibit higher contrast, while AFM 
height profiles show a general trend of increasing air-
dried particle height-to-diameter ratio with increasing 
PMASH concentration. It can be reasoned that this is due 
to a greater mass of material in particulate systems fabri-
cated with greater concentrations of PMASH cross-linker. 
For 0.1 and 0.2 mg mL-1 PMASH hydrogel particles, a great-
er concentration of 'capsule-like' particles could be ob-
served via fluorescence microscopy, where the fluores-
cence intensity was greater around the circumference of 
the particle due to a dominating surface localization of 
fluorescently labeled PMASH. While small height varia-
tions were observed between 2.0 and 1.0 mg mL-1 PMASH, 
there were considerable optical and height differences for 
dehydrated particles ranging between 0.1 to 1.0 mg mL-1 of 
PMASH cross-linker. 

AFM Force Spectroscopy Measurements. High-
resolution force maps were performed on single PMASH 

particles immobilized onto the PEI-coated substrate, as 
illustrated in Figure 1B. Approximately 60 × 60 force spec-
tra were collected over a 1.5 × 1.5 µm area, and the effect 
on nanoscale force response was studied. Indentation was 
performed using a conical tipped cantilever, which was 
previously calibrated to elucidate the spring constant. 
Raw AFM voltage-displacement data was processed using 
JPK data processing software to subtract the zero-force 
baseline, shift the data along the deformation axis to zero 
the initial contact point, and to extract data points. The 
effect of cantilever bending during sample compression 
was removed to give true sample force-deformation (F/δ) 
data, as outlined below: 









ck

FntDisplaceme    (1) 

where kc is the spring constant of the cantilever. For an 
incompressible material, the force increases with no ob-
servable change in deformation, while for softer samples 
the gradient is reduced due to the compliance of the ma-
terial. Due to adhesive contact between probe and sam-
ple, and possible viscoelastic effects and associated hyste-
resis, only the approach force curve was analyzed (Figure 
3).26  

The Young’s modulus (EY) was determined over the first 
10% of total deformation using the Hertz-Sneddon rela-
tionship for a conical indenter: 

2

2

tan2

1







 YE

F     (2) 

where υ is the Poisson ratio and α the semi-opening angle 
of the conical indenter.27 The Poisson ratio was assumed 
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to be 0.5, a reasonable value for incompressible isotropic 
elastic materials, while α was determined as 15.2 ± 0.4° 
through scanning electron microscopy analysis of the 
cantilever batch (data not shown). It was important to 
only analyze data in the small deformation regime to ne-
gate the effect of imparting excessive axial strain on the 
system during measurement. 

 

Figure 3. Representative F/δ curves for hydrogel particles 
cross-linked with (A) 2.0, (B) 1.0, (C) 0.5, (D) 0.2, and (E) 0.1 
mg mL-1 PMASH cross-linker. 

EY values determined using JPK data processing soft-
ware were arranged into a matrix and then graphically 
represented in three-dimensions (Figure 4). For clarity, 
large EY values corresponding to substrate incompressibil-
ity were removed. It could be seen that the overall particle 
response was vastly altered depending on the concentra-
tion of added cross-linker. The most stable particles were 
obtained for 1.0 and 2.0 mg mL-1 PMASH cross-linker, as 
seen in Figures 4A and B, where both force indentation 
and electrostatic interaction with PEI did not lead to a 
significant deformation or spreading of the particles. This 
led to a homogeneous EY distribution over the particle 
surface. Decreasing the initial PMASH concentration to 0.5 
mg mL-1 led to the formation of less stable particles, with 
pronounced polymer regions in the middle of the particle 
(Figure 4C) corresponding to maximum EY zones. Particle 
systems with 0.1 and 0.2 mg mL-1 PMASH cross-linker (Fig-
ures 4D/E), however, are significantly deformed upon 
interaction with the PEI-coated substrate, as was seen for 
the AFM height images in Figure 2. In addition, it was 
observed that with increasing cross-linker concentration, 
Young's modulus zones became more structured within 
the center of the particle. Piezo height maps (Figure 4, 
inset) were consistent at ca. 600 nm for 2.0, 1.0 and 0.5 
mg mL-1 cross-linker particles; however, the height pro-
files decreased substantially for 0.2 and 0.1 mg mL-1 parti-
cles (ca. 300 nm and 80 nm, respectively) due to network 
and particle instability at these concentrations. When 
compared to dry particle AFM height images in Figure 2, 
we can see that the nanoporous particles swell considera-
bly when hydrated, consistent with observations previ-
ously reported.15  

The sensitivity of single hydrogel particles to indenta-
tion frequency and velocity was studied to investigate 
plastic deformation and viscoelastic behavior, respectively 
(SI, Figure S3A and B). The elastic modulus was inde-
pendent of the indentation frequency for stiffer systems, 
softer particles, however, showed an increase of the mod-
ulus after ca. 10 indentations, presumably due to the in-
crease in material compliance leading to irreversible 
damage of the particle thereby increasing substrate/probe 
interaction. The indentation velocity was observed to 
have negligible effect in EY for particle systems until a 
piezo velocity of 3.0 µm s-1, where a significant incon-
sistency was observed in the modulus at velocities exceed-
ing this. For the 1.0 mg mL-1 system, the influence of in-
creasing the temperature from 23 to 37 ºC on the particle 
EY was also investigated (SI, Figures S3C and D). A con-
trolled increase of the buffer temperature led to a consid-
erable decrease in the average surface EY of ca. 30%. This 
is possibly a result of increased chain mobility in these 
systems at higher temperatures, in combination with a 
mobile disulfide crosslinking network. This sensitivity to 
temperature is an important consideration when consid-
ering these soft hydrogel materials for biomedical applica-
tions.  

 

Figure 4. High-resolution force tomography maps and con-
tour plots for (A) 2.0, (B) 1.0, (C) 0.5, (D) 0.2, and (E) 0.1 mg 
mL-1 cross-linker. Insets show piezo height maps for the par-
ticles during the force scan (scale bars are 200 nm). 
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Single particles in each system were then investigated 
to collect statistically relevant mechanical information on 
the particle suspensions. To achieve representative EY 
values for the hydrogel particles, at least 10 different par-
ticles were analyzed for each sample, allowing for stand-
ard errors in the data set to be determined. The particle 
stiffness was obtained through linear-regression analysis 
of the small-deformation regime of the obtained force 
curves. Additionally, the Young's modulus was calculated 
as previously described (Equation 2), with results shown 
in Figure 5. The magnitude of these results correspond 
well with literature values; the EY for substrate-
immobilized hydrogel microparticles was found to range 
between 80 kPa to 2.5 MPa using a similar methodology.15 
It was also observed that the mechanical properties (k, EY) 
gradually stabilize with increasing cross-linker concentra-
tion. 

 

Figure 5. Mean mechanical parameters (EY and k) derived 
from F/δ analysis for the hydrogel microparticles. Error bars 
represent the standard error, while dotted lines show non-
linear regression fits of Equation 3. 

The results presented in Figure 5 are consistent with 
our previous findings19 and trends reported in literature: 
we found a similar trend for nanoporous poly(L-glutamic 
acid) particles for vaccine delivery,5 while Senger and co-
workers observed a plateau relationship between EY and 
EDC cross-linker concentration for planar polyelectrolyte 
films measured using colloidal probe AFM.18 The mechan-
ical results shown in Figure 5 for k and EY were modeled 
using the Langmuir isotherm (Equation 3):  

Kc

Kc




1
max

    (3) 

where Γ is the amount adsorbed, Γmax is the maximum 
amount adsorbed, c is the concentration, and K is the 
Langmuir equilibrium constant.28 The Langmuir iso-
therm, in effect, relates molecular adsorption to concen-
tration. We propose that this relationship is analogous to 
the polymer loading mechanism into the MS templates 
investigated here. By increasing the concentration of 
PMASH above the PMA-PDA loaded-MS surface, the 

amount of PMASH adsorbed is controlled according to 
Equation 3. Evidence of this is seen for 0.1 and 0.2 mg mL-1 
PMASH particles, where the lower adsorption driving force 
of PMASH results in the formation of an increasing num-
ber of 'capsule-like' particles (Figure 2). It may therefore 
be hypothesized that the amount of adsorbed cross-linker 
directly mediates the mechanical properties of the hydro-
gel particle systems.  

Quantification of Cross-linker Amount. To prove the 
direct relationship between adsorbed mass of PMASH and 
the mechanical properties of the particle systems, we 
sought to quantify the average mass of cross-linker within 
a single hydrogel particle. The concentration of particles 
in each suspension was first quantified using flow cytom-
etry (SI, Figure S4). We observed that the mean FL1 fluo-
rescence signal decreased with PMASH cross-linker con-
centration. This is expected when viewed in conjunction 
with our previous results, where we also observe a de-
crease in particle density and fluorescence intensity with 
crosslinking (Figure 2). It was observed that the particle 
concentration tended to decrease with cross-linker con-
centration; however, the concentration was more variable 
for the softer 0.1-0.5 mg mL-1 PMASH cross-linker particles. 
It was reasoned that this was due to difficulties in super-
natant removal for low-density hydrogel particles during 
washing steps. Irrespective of this, the loss of particles 
was found to have negligible effect on the average mass 
for PMASH covalently bound in the hydrogel particles.  

To examine the solutions using fluorescence spectro-
fluorometry, PMASH hydrogel particles were disassembled 
into their constituent polymers using a strong reducing 
agent (DTT). DTT is particularly effective at cleaving di-
sulfide bonds at pH values greater than 7.0. A 10 M DTT 
(10 µL, MOPS) solution and 150 µL of buffer was added to 
the particle dispersion (40 µL) to give a final concentra-
tion of 0.5 M DTT. The pH was then adjusted to 8.0 using 
1.0 M NaOH. Gentle sonication aided in rapid cleavage of 
the covalent cross-links, and complete particle disassem-
bly was observed using a combination of fluorescence 
microscopy and flow cytometry (SI, Figure S5). 
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Figure 6. (A) Fluorescence emission spectra immediately 
after PMASH particle degradation at an excitation wavelength 
of 488 nm. (B) Mass of cross-linker per nanoporous particle 
to added cross-linker concentration. Also shown is the mean 
FL1 fluorescence intensity determined using flow cytometry. 
Dotted lines for each data set show non-linear regression fits 
of Equation 3. 

Fluorescence spectra were immediately measured for 
each particle system (Figure 6A), and the intensity con-
verted into PMASH amount using cytometric population 
data and a fluorescence calibration curve for fluorescently 
labeled PMASH (SI, Figure S6). The results for PMASH mass 
per particle (Figure 6B) show a similar trend to that of 
mean FL1 intensity observed in cytometry results, and 
also to the stabilizing behavior of the Langmuir isotherm 
(Figure 5). The experiment was repeated with a separate 
particle batch, and while particle concentrations were 
variable, the trends and values for the mass of cross-linker 
per particle were found to be equivalent. 

The mass of cross-linker per particle in each crosslink-
ing system was then correlated to the mechanical proper-
ties of the particles (Figure 7). It was found that there was 
a linear dependency for both the stiffness and Young's 
modulus of the particles. This is analogous to the result 
reported by Picart and co-workers for polyelectrolyte 
multilayer films cross-linked using EDC; a linear relation-
ship was observed between EY and covalent cross-link 

density.20 It can therefore be reasoned that the mechani-
cal properties of the nanoporous hydrogel particles are 
directly related to the network density of the material 
structure, and that the mechanical limitation for these 
systems is solely based on the amount of polymer materi-
al that can be adsorbed in the porous support structure. 
The mechanisms of porous replica particle formation dis-
cussed here may assist in the design of 'tailor-made' hy-
drogel particles for biomedical as well as other applica-
tions.  

 

Figure 7. Mechanical properties (EY and k) of nanoporous 
PMASH particles as a function of cross-linker mass. Dotted 
lines represent linear regression fits to the data, while error 
bars represent the standard error. 

CONCLUSIONS 

Nanoporous hydrogel PMASH particles were fabricated 
using a mesoporous silica templating method. The hydro-
gel particles were stabilized using varying amounts of 
cross-linker and were characterized using optical and 
force microscopy techniques. It was found that the me-
chanical properties and structural integrity could be effec-
tively tuned through variation of the cross-linker concen-
tration. High-resolution force mapping confirmed particle 
integrity results through investigation of the nanoscale 
force response of individual particles. In addition, fluores-
cent tagging of the cross-linker in combination with flow 
cytometry and fluorescence spectroscopy allowed for ac-
curate quantification of an average cross-linker mass per 
particle. 

We observed a linear dependence between the mechan-
ical properties of hydrogel particles and the determined 
amount of adsorbed cross-linker material per particle. 
The mechanical properties of nanoporous polymer replica 
particles follow a Langmuir isotherm, and this can be 
used to predict particle properties. This is advantageous 
when compared to previous efforts, due to the ability to 
accurately quantify the amount of cross-linker in the sys-
tem. This work will enable researchers to reason similar 
mechanical behavior in adsorption based polymer sys-
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tems, and aid in the design of next-generation soft micro-
particles for biomedical applications.  
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