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Characterization of Mass and Swelling of Hydrogel 
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 The use of hydrogels for biomedical engineering, and for the development of 
biologically inspired cellular systems at the microscale, is advancing at a rapid pace. 
Microelectromechanical system (MEMS) resonant mass sensors enable the mass 
measurement of a range of materials. The integration of hydrogels onto MEMS 
resonant mass sensors is demonstrated, and these sensors are used to characterize 
the hydrogel mass and swelling characteristics. The mass values obtained from 
resonant frequency measurements of poly(ethylene glycol)diacrylate (PEGDA) 
microstructures match well with the values independently verifi ed through volume 
measurements. The sensors are also used to measure the infl uence of fl uids of similar 
and greater density on the mass measurements of microstructures. The data show a 
size-dependent increase in gel mass when fl uid density is increased. Lastly, volume 
comparisons of bulk hydrogels with a range polymer concentration (5% to 100% 
(v/v)) show a non-linear swelling trend. 
  1. Introduction 

 Hydrogels are versatile materials used for biological and bio-

medical applications, [  1  ]  namely: drug delivery, [  2  ]  cell encapsu-

lation, [  3  ]  cell migration, [  4  ]  tissue engineering, [  5  ]  and artifi cial 

cellular systems. [  6  ]  New methods are emerging for fabricating 
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hydrogel-based cellular systems at the size-scale of cell popu-

lations and ultimately individual cells; thus, tools are needed 

to characterize material properties of microscale hydrogels. 

 Microelectromechanical system (MEMS) resonant mass 

sensors have been used for mass measurements of a range of 

substances, including viruses, [  7  ]  bacteria, [  8  ]  cells, [  9–11  ]  biochem-

icals, [  11  ]  and liquids and gases. [  12  ]  In addition to mass meas-

urement of biological and chemical substances, materials 

characterization can also be performed through the use of 

MEMS mass sensors. For example, the physical characteris-

tics of polymer coatings can be measured with cantilevers due 

to changes in electrostatic, steric, osmotic, or solvation forces 

that accompany physical changes in the polymer coatings. [  13  ]  

 The most commonly used MEMS resonant mass sensors 

are cantilever structures, though the conventional cantilever 

sensors can exhibit  > 100% non-uniform mass sensitivity, 

since the location of the object to be measured relative to the 

free end determines the mass sensitivity. [  14  ]  We have recently 

developed an array of MEMS resonant mass sensors that 

solve the mass uniformity challenge inherent in cantilever 

sensors. [  10  ,  15  ]  Our sensors consist of resonating platforms 

suspended by four angled beam springs, and achieve at least 

96% uniformity of mass sensitivity across any point on the 

measurement platform. Operating in fi rst resonance mode, 
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     Figure  1 .     Experimental setup and measurement overview. A) Process overview of 
photolithographic fabrication of PEGDA-DMPA gel structures onto the MEMS resonant 
mass sensors (sensor platforms not shown). PEGDA-DMPA pre-polymer and PDMS spacers 
were sandwiched between the chip (with mass sensors) and coverslip. The chip-coverslip 
assembly was aligned, brought into contact with the photomask, exposed with 365 nm UV 
light, developed, and rinsed with DI water. Following lithography, the gels remain immersed 
in water in a PDMS chamber during measurements; a fully assembled chip is shown. 
For scale, the printed circuit board (PCB) measures 6.3 cm (length,  l ), 1.1 cm (width,  w ). 
B) Schematic representation of the measurement set up for measuring the resonant frequency 
of MEMS resonant mass sensors with laser Doppler vibrometery (LDV). [  10  ]  C) Scanning 
electron microscopy (SEM) image shows the MEMS mass sensor with a PEGDA-DMPA hydrogel 
structure fabricated through photolithography onto the suspended platform. For scale, the 
square platform measures 60  μ m  ×  60  μ m.  
the platform is driven with a Lorentz 

force and vibrates vertically in both air 

( ∼ 160 kHz) and liquid ( ∼ 60 kHz). Our 

sensors have recently been used for direct 

measurements of cell mass and growth of 

adherent human cancer cells, showing that 

cell mass and growth can be measured for 

single cells. [  10  ,  15  ]  Not only is the stabiliza-

tion provided by the beam springs essen-

tial for restricting the resonance mode and 

enabling spatial uniformity in mass sen-

sitivity, but the spring-platform structure 

is suffi ciently robust to permit additional 

material fabrication protocols (such as 

surface functionalization, cell attachment, 

and photolithography) between measure-

ments. These advantages provide measure-

ment capabilities for studies on materials 

beyond what the traditional cantilever 

mass sensor could enable. This also allows 

for hydrogel structures to be studied using 

these sensors. It is diffi cult to attach pre-

fabricated hydrogels individually to the 

surface of each suspended sensor, and thus 

the gels must be fabricated directly onto 

the devices. 

 The goal of this work is to demonstrate 

that material microstructures, specifi cally 

hydrogels, can be integrated with MEMS 

resonant mass sensors for materials char-

acterization. Here, we use photolitho-

graphy to fabricate poly(ethylene glycol)

diacrylate (PEGDA) hydrogel microstruc-

tures onto the surface of the square reso-
nant sensors. We estimate the mass of hydrogel structures 

using the sensors and verify the measurement using scanning 

electron microscopy (SEM). We also show that hydrogels can 

be fabricated to a range of sizes and can be measured under 

various fl uidic conditions to provide insight on material char-

acteristics of hydrogels under changing fl uidic environments.   

 2. Materials and Methods 

  2.1. MEMS Resonant Mass Sensors 

 The fabrication of the MEMS resonant mass sensor array has 

been previously reported and is only summarized here. [  10  ]  

The mass sensor array is formed from a silicon-on-insulator 

wafer with device layer (2.0  μ m) and a buried oxide layer 

(0.3  μ m). A silicon dioxide layer is used as an electrical insu-

lation layer. Chrome and gold layers are deposited, patterned, 

and etched to form the springs and platforms. Electrical leads 

and bonding pads are formed with additional chrome and 

gold layers. Xenon difl uoride (XeF 2 ) etching is used to form 

a “pit” beneath the platform and springs to release the sensor 

platform. The device is cleaned and a silicon dioxide layer is 

deposited for insulation; the fi nal oxide is selectively removed 
www.small-journal.com © 2012 Wiley-VCH V
from the bonding pad area for wire-bonding. After chip fabri-

cation, the chip is attached to a custom printed circuit board 

and wire-bonded.   

 2.2. Mass Measurements 

 The mass of the hydrogel was obtained from the difference 

of the resonant frequencies of the empty sensor and the 

sensor with gel. The measurement of the resonant frequency 

was fully automated as shown in  Figure    1  . Briefl y, Lorentz 

force is induced by fl owing actuation current through the 

sensor in a static magnetic fi eld for electromagnetic actuation 

and laser Doppler vibrometry (LDV; OFV 3001 vibrometer 

controller and OFV 512 fi ber interferometer, Polytec Inc.) is 

used to measure the resulting velocity of the vibrating plat-

form. The resonant frequency was estimated by comparing 

the phase of the sensor velocity and that of the actuation cur-

rent. Since the spring constant of the sensor structure does 

not change, the mass of the patterned hydrogel can be solely 

determined from the resonant frequency, and a series of reso-

nant frequency measurements enables monitoring the mass 

change. [  10  ]   

 Precise extraction of the sample mass requires resonant 

frequencies to be measured for each sensor in three different 
erlag GmbH & Co. KGaA, Weinheim small 2012, 
DOI: 10.1002/smll.201200470



Mass and Swelling of Hydrogel Microstructures
scenarios, a) empty sensors in air, b) empty sensors in fl uid 

pre-lithography, and c) sensors with gels post-lithography. 

The resonant frequency of each sensor of the array is fi rst 

measured in air to extract the spring constant,  k , in the fol-

lowing equation:  mgel = k
4π2 ( f −2

wet gel − f −2
wet empty)   . Then, the 

resonant frequency of each sensor is measured in fl uid before 

and after hydrogel fabrication, which are  f  wet_empty  and  f  wet_gel , 

respectively. The measured resonant frequency shift is deter-

mined and ultimately converted to the mass of the gel,  m  gel  

on each of the individual sensors. To obtain the fi nal mass 

of the microstructures without infl uences of frequency drift, 

mass readings of adjacent empty sensors are subtracted from 

the initial mass results. [  10  ]  

 The mass of hydrated 100% PEGDA-(2,2 ′ -dimethoxy-

2-phenylaxetophenone) DMPA hydrogel microstructures in 

fl uids of various densities was determined by: a) fi rst meas-

uring the gels in deionized (DI) water (0.99 g/cm 3 ) after 

reaching equilibrium, b) followed by a fl uid rinse with, and 

a change to, the density matched solution (73% glucose, 

1.13 g/cm 3 ) similar to the density of 100% PEGDA-DMPA 

(1.124 g/cm 3 ). c) The gels were then rinsed with and meas-

ured in the higher-density solution (80% glucose, 1.23 g/cm 3 ), 

d) followed by rinsing with, then incubation in, DI water prior 

( > 24 h) to a second mass measurement in DI water. e) Lastly, 

the gels were dried and measured in air to permit the cal-

culation of the mass swelling ratio ( Q m  ) for determining the 

 Q -factor for comparison to bulk discs.   

 2.3. Surface Chemistry 

 Surface chemistry was performed in order to functionalize 

the sensor array with methacrylate groups so as to promote 

hydrogel microstructure adherence during photolithography. 

The arrays were cleaned with oxygen plasma (1 min) (Diener 

Electronic; Ebhausen, Germany). Immediately after cleaning, 

the sensors were then methacrylated by applying 3-acryloxy-

propyl trimethoxysilane (5–10  μ L) (Gelest, Inc.; Morrisville, 

PA, USA) directly onto the sensor array and then heated 

(70  ° C, 30–60 min) in a closed Petri dish. Samples were then 

gently rinsed with acetone and methanol, dried, and used for 

photolithography within a few days. 

 To form thin fl uidic layers of hydrogel pre-polymer and 

facilitate the retention of standing isolated hydrogel struc-

tures, silanized coverslip fragments were placed on poly-

dimethylsiloxane (PDMS) spacers. Silanized coverslip 

fragments (approx. 1 cm  ×  1 cm, #1 thickness) used in the 

lithography process were prepared by fi rst cleaning the glass 

with oxygen plasma for 1 min followed by direct exposure 

to dimethyl(3,3,3, trifl uoropropyl)chlorosilane (10–15  μ L) at 

room temperature (22 to 24  ° C) in a vacuum chamber (at 

least 1–2 h). Coverslips were rinsed with ethanol and dried 

with a nitrogen stream.   

 2.4. PEGDA-DMPA Hydrogel Solutions 

 The PEGDA-DMPA hydrogel solution comprises a 

poly(ethylene glycol)diacrylate (PEGDA; molecular weight, 
© 2012 Wiley-VCH Verlag GmbHsmall 2012, 
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MW 575) and a photoinitiator, 2,2 ′ -dimethoxy-2-phenylax-

etophenone (DMPA). Stock solutions of 10–20 mg DMPA 

per mL PEGDA were prepared and allowed to mix (1–4 h) 

before use. In this study, hydrogels were microfabricated from 

undiluted stock PEGDA-DMPA solutions (100% PEGDA-

DMPA). To ultimately calculate hydrogel mass from volume 

measurements, the density of hydrogel pre-polymer was 

calculated by measuring the mass of defi ned volumes of 

PEGDA-DMPA pre-polymer deposited onto weigh boats 

on an analytical balance. Lower percent gel formulations 

are 100% PEGDA-DMPA diluted with water. All PEGDA-

DMPA pre-polymer preparations were performed under 

yellow lighting conditions; reagents are stored with protec-

tion from light.   

 2.5. Photolithography 

 Figure  1 A shows an overview of the photolithography 

process for PEGDA hydrogel structures on the MEMS 

sensor array. Hydrogel microstructures were patterned from 

the PEGDA-DMPA pre-polymer solution described above. 

The solution acts as a negatively toned photoresist; regions 

exposed to UV light undergo a free radical polymerization 

reaction and become insoluble in the developer (DI water). 

To control the approximate structure thickness, PDMS thin-

fi lms were used as spacers (10–50  μ m thick) to hold the glass 

coverslip above the sensor chip. The PEGDA-DMPA pre-

polymer solution (3–5  μ L) was applied directly to the chip 

with a pipette and gently covered by a silanized coverslip 

fragment. In this process, capillary action distributes the solu-

tion across the chip and any excess solution can be wicked 

away with a Kim wipe to ensure a tight coverslip fi tting due 

to the surface tension of the pre-polymer. The photomask was 

aligned to the sensor array in the mask aligner, brought into 

hard contact with the coverslip, and exposed to 9.4 mW cm  − 2  

of 365 nm UV radiation (1–3 min), a time predetermined by 

iterative exposures. Finally, the coverslip-chip-PCB assembly 

was removed from the aligner and developed by perfusing 

DI water through the fl uid-fi lled gap between the coverslip 

and the chip surface, until the pre-polymer is removed or the 

cover slip detaches.   

 2.6. Volume Calculations of Microstructures 

 Volume calculations of hydrogel structures used dimensions 

obtained from SEM images. To estimate volumetric mass of 

hydrogel structures, the air-dried 100% PEDGA hydrogel 

structures were imaged with a scanning electron microscope 

(SEM) in the Beckman ITG microscopy suite (University of 

Illinois Urbana-Champaign). Side profi le and top view images 

were acquired in high-vacuum mode with 1 kV accelerating 

voltage, spot size 2.1 nm, and 2000 ×  magnifi cation. 

 Dimensions for the area ( A ) of the hydrogel top, the 

gel height ( h’ ), the top width ( w  top ), and the gel bottom 

width ( w  bottom ) were used to calculate the volume of a 

frustum for estimating structure volume, as shown in 

 Figure    2  . Due to the presence of a 16 °  tilt for side profi le 
3www.small-journal.com & Co. KGaA, Weinheim
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     Figure  2 .     Source of measures for calculating gel volume. A,B) SEM 
images of the top and side views of a PEGDA-DMPA hydrogel structure 
for calculating gel volume and mass. C) Schematic of an inverted 
frustum and the dimensions required for calculating the volume of the 
hydrogel structure to estimate the mass of the hydrogel independent of 
the LDV-based mass measurements.  
images,  h  is the corrected  h’  using a cosine function ( h   =  

 h’cos 16 ° ). The equation for the frustum volume calculation 

is  V = 1
3π r 2

eff + reff Reff + R2
eff

)
h  , where  R  eff  is the effective 

top radius and is obtained using  Reff = √
(A/π )    assuming 

the area of a circle, and  r  eff  is the effective bottom radius 

and is obtained using  r  eff   =   R  eff /( w  top  /w  bottom ). Because these 

dimensions are from SEM images of dry gel structures, the 

volume calculations are adjusted to account for swelling of 

the mass of the hydrated structures (see Experimental Sec-

tion for hydrogel swelling). To obtain the estimated PEGDA 

hydrogel mass, the calculated volumes ( V  h ) are multiplied by 

the hydrogel density (  ρ  ) of 1.124 g/cm 3 .    

 2.7. Measuring Hydrogel Swelling 

 To calculate the hydrated mass of hydrogel microstructures 

from SEM images, the swelling of 100% PEGDA-DMPA 

hydrogels was characterized to produce a swelling offset. 

Swelling of PEGDA-DMPA microstructures is measured 

differently from bulk discs. The swelling offset is obtained 

for each microstructure; the diameter of each hydrated gel 

structure measured with confocal microscopy is divided by 

the diameter of the same air-dried structure (obtained from 

the SEM images). The swelling offsets are imposed on the 

dry volume data to give the hydrated volume ( V  h ) estimate. 

Confocal microscopy reveals the hydrated structures being 

between 1.14- and 1.26-fold greater (average  =  1.19) than 

the same dried structure imaged in the SEM. The measured 

swelling offset is used for estimating the mass of PEGDA-

DMPA microstructures. 
www.small-journal.com © 2012 Wiley-VCH V

   Table  1.     Raw data representative of photolithographically defi ned 100%
volumes. 

Top Area 
[ μ m 2 ]

Effective Top 
Radius [ μ m]  =   R  eff  

Effective Bottom 
Radius [ μ m]  =   r  eff  

Adjusted 
Height [ μ m]

485.8 12.4 6.9 50.5

600.2 13.8 8.5 53.8

150.6 6.9 2.4 45.9

388.4 11.1 4.6 56.9

298.2 9.7 3.4 55.1
 To measure swelling of bulk PEGDA-DMPA hydrogel 

structures independent of the MEMS measurements and 

photolithography of gel microstructures, bulk hydrogel discs 

are fabricated by dispensing pre-polymer (200  μ L) into the 

detached cap of a microcentrifuge tube (1.5 mL). The bulk 

PEGDA-DMPA hydrogel discs are photopolymerized with 

365 nm UV light, removed from the molding structure, 

weighed, and immediately immersed in DI water to achieve 

equilibrium (24–30 h) prior to processing. 

 Two separate methods are used in this work to describe 

changes to the hydrogels as a result of hydration and dehy-

dration. First, the degree of swelling ( Q -factor) calculations 

are performed by factoring the densities of the polymer 

and water, and the calculated mass swelling ratio. The mass 

swelling ratio  Q m   is measured from the initial and fi nal gel 

mass of hydrated and completely dehydrated structures, for 

microstructures the hydrated and dehydrated masses were 

measured with the MEMS sensors. [  3  ]  Lastly, the volume of 

the swollen gel ( V  s ) is estimated using  V  s   =  ( v  i ( d  s /  d  i ))  −   v  i  

where  v  i  is the initial gel volume (200  μ L),  d  s  is the dia-

meter of the swollen hydrated gel, and  d  i  is the diameter of 

the initial gel. The PEGDA-DMPA hydrogel bulk disc dia-

meters are measured immediately after photopolymerization 

and again after hydration using microscopy and a quartz 

micrometer.    

 3. Results and Discussion 

 Figure  1 A shows the PEGDA-DMPA polymer fabrication 

process, a diagram of the measurement system, and a SEM 

image of a hydrogel microstructure fabricated on the MEMS 

resonant mass sensor.  Table    1   shows raw data of photolitho-

graphically defi ned microstructures; the data is representative 

of the microstructure size range.  

 MEMS resonant mass sensor arrays are fabricated and 

calibrated for the mass sensing procedure by in-air and in-

liquid resonant frequency measurements, [  10  ]  prior to fabri-

cating the hydrogel structures. In order to measure the mass 

of the hydrogels, a PDMS fl uidic chamber is assembled on 

the chip to keep the gel and sensors hydrated (Figure  1 A) 

during measurements. Laser Doppler vibometry (LDV) is 

used to measure the resonant frequency of the sensor with 

gel (Figure  1 B), and the images of the sensor and hydrogel 

were captured for visual verifi cation. Figure  1 C shows an 

electron micrograph of a hydrogel frustum fabricated on the 

MEMS sensor using photolithography. 
erlag GmbH & Co. KGaA, Weinheim

 PEGDA-DMPA microstructures and the corresponding estimated frustum 

Aspect Ratio Average 
Swelling Offset

Estimated Frustum 
Volume [cm 3 ]  =  V 

2.5 1.19 1.52  ×  10  − 8 

2.3 1.19 2.15  ×  10  − 8 

4.8 1.19 3.40  ×  10  − 8 

3.5 1.19 1.17  ×  10  − 8 

4.1 1.19 8.05  ×  10  − 9 
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 By calculating the mass using volume and density meas-

urements, [  10  ]  we can compare the relationship between the 

measured mass obtained from the sensor and the theoretical 

mass; this allows us to determine potential effects of meas-

uring tall structures and structures with a high center of mass. 

For example, in our previous work on measuring cell mass 

and growth of adherent cells, “missing mass events” occurred 

as cells balled up and partially detached from the sensor sur-

face during mitosis. [  10  ]  

 As shown in Figure  2 , inverted conical frustums have a 

high center of mass and low surface area of attachment rela-

tive to the mass distribution throughout the microstructure. 

Volume calculations of hydrogel structures used dimensions 

obtained from SEM images. Dimensions for the area ( A ) 

of the hydrogel top, the gel height ( h’ ), the top width ( w  top ), 

and the gel bottom width ( w  bottom ) were used to calculate 

the volume of a frustum for estimating structure volume 

(Figure  2 ). Because these dimensions are from SEM images 

of dry gel structures, the volume calculations are adjusted to 

account for swelling of the mass of the hydrated structures 

(see Section 2 for hydrogel swelling). To obtain the estimated 

PEGDA-DMPA hydrogel mass, the calculated volumes ( V  h ) 

are multiplied by the hydrogel density (  ρ  ) of 1.124 g/cm 3 . 

   Figure 3   shows the results of measured and calculated 

mass values for hydrogel microstructures. Here, we dem-

onstrate that micrometer-scale hydrogel substrates can be 

integrated with MEMS resonant mass sensors for resolving 

mass and swelling of stiff (1.6–1.8 MPa) [  16  ]  PEGDA-DMPA 
© 2012 Wiley-VCH Verlag Gmb

     Figure  3 .     Measured and calculated mass of 100% PEGDA-DMPA micros
values obtained from 46 sensors for hydrogel structures (squares) and e
triangles). Each data point represents an individual structure or emp
image of 4 sensors with PEGDA-DMPA microstructures fabricated on 
through photolithography, corresponding mass values for these struc
the accompanying graphs. C) “Mass (ng)” values obtained from MEMS 
DMPA hydrogels are plotted against the “Volumetric Mass (ng)” of the sa
volumetric mass of the same structure is independently derived by meas
volume from SEM images and multiplying the volume by density (mass  =
Slope of the solid line for all data points is 1.07 with an  R  2  of 0.97, sho
of agreement between calculated and measured masses. A–C) Open sq
Greek letters are for corresponding data points, demonstrating mass va
hydrogel sizes.  
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hydrogel structures using our MEMS resonant mass sen-

sors. Figure  3 A shows the range of mass values of hydrated 

gels measured in water with the LDV system for each sensor 

number on the chip, and Figure  3 B shows 4 gel structures on 

sensors for the corresponding measured and theoretical mass 

data shown in Figure  3 C.  

 Our results show that the relationship between measured 

and estimated masses are linear, with an average slope of 1.07 

and a good data fi t ( R  2   =  0.97). Deviations of data points from 

the linear trend line can be explained by small imperfections 

(e.g., sidewalls visible in Figure  2 B) in fabricated structures 

which contribute to small differences in the volume-mass 

estimate. Previous models show that as the Young’s modulus 

and viscosity of a sample increases to  > 100 kPa, the meas-

ured mass of the sample on the resonant mass sensor is equal 

to the actual mass of the sample. [  10  ]  Here, our results are in 

agreement with that model. 

 Volume changes are important material considerations 

for determining swelling and can infl uence mass readings for 

gels in our system. For example, to produce the estimated 

mass of hydrated PEGDA-DMPA structures, we used con-

focal microscopy of the hydrated gels structures and SEM 

images of the same gel to apply a swelling offset to the dry 

dimensions. 

 Material swelling is a key factor to consider when working 

with hydrogel constructs. A common term used to quantita-

tively describe the swelling of hydrogel materials is the “mass 

swelling ratio” or the  Q m  . [  3  ,  17  ]   Q m   is an accurate measure of 
H & Co. KGaA, Weinheim

tructures. A) Mass 
mpty sensors (gray 
ty sensor. B) SEM 
the sensor surface 
tures is shown in 

sensors for PEGDA-
me structures. The 
uring the structure 
  density  ∗  volume). 
wing a high degree 
uares marked with 
lues for a range of 
the maximum change in water content 

between hydrated and dehydrated gels, 

because  Q m   is a ratio of the hydrated and 

dry mass values. The  Q -factor is another 

mass-dependent measure of the degree of 

swelling that takes into account the den-

sity of the polymer and hydrating solution; 

the  Q -factor equation ( Equation 1 ) incor-

porates  Q m   and accounts for the material 

and fl uid densities but it does not report 

a change in volume for the gel. Thus, both 

 Q m   and the  Q -factor are mass-dependent 

measures and do not report a change in 

volume.

 
Q = v−1

2 = ρP

(
Qm

ρS
+ 1

ρP

)
  

(1)   
 

 For comparison, we determined the 

degree of swelling ( Q -factor) in water for 

both the 100% PEGDA-DMPA micro-

structures and bulk discs using our sensors 

and conventional methods, respectively. 

 Figure    4  A shows the  Q- factor of bulk 

structures for a range of concentra-

tions; the data shows a strong agreement 

between the  Q -factor of 100% PEGDA-

DMPA bulk discs and microstructures 

(Figure  4 A, inset). These results demon-

strate that our MEMS mass sensors are 

suitable tools for measuring gel mass and 
5www.small-journal.com
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     Figure  4 .     Swelling and mass changes of PEGDA-DMPA hydrogels. A) The  Q -factor (a mass-based measure for degree of swelling) calculated for a 
range of PEGDA-DMPA concentrations, the data is based on the initial hydrated and fi nal dehydrated mass values for bulk discs (solid black circles). 
Inset: Comparison of  Q -factor measures for 100% PEGDA-DMPA hydrogels from bulk discs (black circle,  n   =  3, mean  ±  SD) and for microstructures 
fabricated with photolithography (open circles, 5 individual gels). Mass of hydrated and dried microstructures was measured using MEMS resonant 
sensors. B) The MEMS-measured mass values for 100% PEGDA-DMPA hydrogel structures, covering a range of structure sizes, show corresponding 
increases with increasing density of the surrounding fl uid. Feature sizes in the range shown in Figure  3 , three separate measures each point,mean 
 ±  SD. C) The percent change of apparent mass values of data for 100% PEGDA-DMPA gels (B) in higher density fl uids is statistically signifi cant from 
the initial and fi nal mass measurement in water (mean  ±  SD, unpaired  t- test). Fluid density is 0.99 g/cm 3  for water (24  ° C), 1.13 g/cm 3  for 73% 
glucose in DI water, and 1.23 g/cm 3  for 80% glucose in DI water. The mass change for water is a comparison of the initial and fi nal measurement 
in water before and after changing the fl uid density for 73% and 80% glucose. D) Normalized apparent mass for the 100% PEGDA-DMPA hydrogel 
data of (B) shows that smaller structures (data sets with open shape and dash-dot trendlines) show a greater normalized mass change than larger 
structures (data sets with solid shapes and dashed trendlines). The data sets are normalized values from the same sample structures for graph B, 
three separate measures each point,mean  ±  SD. E) Image of a bulk hydrogel disc used to calculate the  Q -factor in (A) and the volume change of 
swelling in (F). F) Volume increase of bulk hydrogel discs for a range of PEGDA-DMPA concentrations after 30 h of water incubation,  n   =  3, mean  ±  
SD. Hydration produces substantial increases in gel volume from pre-hydration volume (200 mm 3  for all bulk gels) for 5%, 50% and 100% gels. 
Average hydrated volumes are 212.5 mm 3  for 5% gels, 214.0 mm 3  for 50% gels, and 227.8 mm 3  for 100% gels.  
determining mass swelling ratios for materials characteri-

zation of microstructures. In addition, the data presented 

here for stiff structures is in agreement with the previously 

published analytical model for mass measurement of viscoe-

lastic materials. [  10  ]   

 Our previous cellular data and our current hydrogel 

data are at the ends of a wide range of material stiffness 

values (4.1 to 1600 +  kPa), thus to more accurately validate 

models of viscoelastic materials in the mass-spring-damper 

system, data sets distributed throughout the range of stiffness 

values will be the focus of future investigations. These data-

sets should include a variety of polymer concentrations to 

achieve a range of material stiffness values. Photolithography 

of lower percent, highly aqueous, hydrogel pre-polymers pro-

duces poorly defi ned, amorphous gels (data not shown) due 

to the complexities of internal light refl ection and refraction 

inherent with photolithography. Therefore, the deposition of 

soft, highly aqueous hydrogels on our sensors will need to be 
6 www.small-journal.com © 2012 Wiley-VCH V
achieved through other means; for example, electrohydrody-

namic jetting. 

 With the ability to accurately measure the mass of stiff 

hydrogels and perform mass characterization measures ( Q m   
and  Q -factor) with our sensor arrays, we measured the change 

in mass for PEGDA-DMPA hydrogels in aqueous solutions 

of increased fl uid density to determine how the differences 

between the gel and immersion media densities infl uence 

the measured mass. The results for hydrogels attached to 

MEMS resonant sensors show an increase in apparent mass 

for an increased fl uid density of the surrounding solution. 

Figure  4 B shows a density-dependent increase in hydrogel 

mass values for 5 separate gel structures as measured in the 

following sequence of aqueous fl uids with respective densi-

ties; water (0.99 g/cm 3 ), 73% glucose in water (1.13 g/cm 3 ), 

and 80% glucose in water (1.23 g/cm 3 ).  Table    2   shows the cor-

responding resonant frequencies for 73% glucose; 1.13 g/cm 3  

is a density-matched solution similar to that of the hydrogel 
erlag GmbH & Co. KGaA, Weinheim small 2012, 
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   Table  2.     Raw frequency data from LDV measurements of 100% PEGDA-DMPA microstructures provides mass values for Figure  4 B–D. Microstruc-
tures are within the mass and size range shown in Figure  3 . 

Dry Frequency in Air 
[kHz]

Wet Frequency Empty [kHz]    Wet Frequency with Gel [kHz]

DI water 73% Glucose 80% Glucose DI water 73% Glucose 80% Glucose

162.197 64.354 54.068 52.663 58.910 50.289 48.936

142.585 56.045 46.479 45.193 54.949 45.730 44.361

138.829 54.795 45.439 44.129 48.511 41.189 39.972

140.531 55.391 45.834 44.549 50.568 42.802 41.602

140.764 55.518 45.918 44.687 55.202 45.969 44.633
(1.124 g/cm 3 ). Figure  4 C shows a statistically signifi cant 

change in the apparent mass values for gels measured in 

matched and higher density solutions when compared to the 

initial measurement of the hydrogels in water. For compar-

ison, the average differences between the fi nal water-based 

hydrogel measurements to the initial water-based measure-

ment are also shown as “water.”  

 Given the density-dependent increase in swelling for 

100% gels, the mass increase data from Figure  4 B is normal-

ized and plotted in Figure  4 D to determine if an increase in 

the hydrodynamic loading is responsible for the mass increase. 

We expect that the hydrodynamic loading of the increasing 

density and viscosity of the surrounding fl uid plays a role in 

the fl uid density-dependent change in mass values, but how 

much of an effect has yet to be resolved completely. [  18  ]  

 Figure  4 D shows the normalized gel mass across the range 

of fl uid densities; the shape and gray-scale-coded data labels 

enable a comparison of mass increase according to gel size in 

the corresponding Figure  4 B. With larger structures there is a 

smaller relative change in mass from the initial structure for 

increasing solution densities, whereas the smaller structures 

are more affected by the change in fl uid density. This result is 

in contrast to expected effects if hydrodynamic loading is the 

dominant infl uence for the mass change. 

 The total mass of the sensor with the gel is the sum of 

the gel mass, sensor mass and hydrodynamic loading of the 

fl uid. The hydrodynamic loading increases with higher fl uid 

density and viscosity. In addition, as the gel increases in 

volume, the gel-on-sensor structure has an increased surface 

area, which will infl uence the platform-sample acceleration 

and directly increase the induced mass. Thus, larger structures 

would have a greater induced mass over smaller structures if 

hydrodynamic loading was the dominant contributor to the 

size-dependent change. This suggests that the difference in 

gel mass attributed to the increasing solution density is not 

entirely due to hydrodynamic loading, but that some other 

factor infl uences these results. 

 Gels are water permeable and known to swell upon 

hydration, thus two other possible contributions include dis-

proportionate changes in volume or density. For the former, 

a change in volume occurs during structure swelling, the 

completeness of swelling may infl uence the size-dependent 

change in mass reading. The  Q -factor data suggest a small 

change in the swelling of 100% PEGDA-DMPA gels, but 

this measure does not report a change in structure size. To 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 
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better determine how swelling changes the structure size of 

100% PEGDA-DMPA microstructures, we measured the 

volume change of bulk PEGDA-DMPA discs between pre- 

and post-hydration states. Figure  4 E is a representative image 

of the bulk discs used to determine the  Q -factor of a range 

of gel formulations in Figure  4 A and the volume increase for 

swelling of 100% PEGDA-DMPA gels shown in Figure  4 F. 

 Figure  4 F shows the change of hydrogel volume for bulk 

hydrogel discs that occurs between photopolymerization and 

30 h of hydration in DI water; results are averages of three 

separate hydrogel discs for each data point for a total of 18 

discs. As a result, higher gel concentrations (50% and 100%) 

show greater swelling compared to lower percent gels, with 

the exception of the 5% gel. It is clearly evident from volume 

swelling measures that stiff 100% PEGDA-DMPA struc-

tures exhibit the greatest volume increase compared to softer 

gels of decreased PEGDA-DMPA composition (Figure  4 F). 

The change in gel volume for bulk hydrogel discs provides 

an added perspective to the mass-based  Q -factor. This large 

amount of swelling could be explained by the increased 

osmotic pressures of high percent gels. Although the 100% 

PEGDA-DMPA gel has a greater stiffness than lower percent 

PEGDA-DMPA gel compositions, the material stiffness does 

not override the polymers capacity to swell. Data for the 5% 

gels suggest that the polymer network is weak enough to give 

way to the osmotic pressure to yield a robust change in the 

gel dimensions, and the 15% gel appears to be balanced by 

the osmotic pressure and the polymer stiffness (Figure  4 F). 

 A size-dependent change in microstructure density could 

possibly explain the size-dependent mass change in fl uids of 

increasing density. A change in the microstructure density is 

the combination of a number of infl uences. 1) Surface-area-

to-volume ratio: Smaller structures have a greater surface-

area-to-volume ratio than larger structures. From Fick’s fi rst 

law of diffusion, the diffusion fl ux, the amount of substance 

that fl ows per unit area per unit time, would increase with 

the smaller structure, because of the larger glucose concen-

tration gradient between the inner gel and bulk media. Basi-

cally,  J  is related to  dC/dx , where  dC  is the concentration 

change and  dx  is the distance of diffusion. The smaller sample 

should have the larger  dC/dx . 2) Polymer pore size: As the 

polymer swells the polymer pore size changes, pore size and 

distribution will infl uence the rate of diffusion throughout 

the polymer structure and the time required for the gel to 

reach equilibrium with the surrounding fl uid. If gel swelling is 
7www.small-journal.combH & Co. KGaA, Weinheim
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neither uniform nor complete, then larger structures may not 

have uniform pore sizes or glucose distribution compared to 

smaller structures, alternatively the structure may take longer 

to achieve equilibrium. 

 Taken together, it is possible that smaller PEGDA-DMPA 

gel microstructures could achieve a greater density and mass 

of the more dense media (i.e., increased glucose) through dif-

fusion by achieving equilibrium with the surrounding fl uid 

prior to their larger counterparts. To further answer this out-

standing question and validate these possibilities, hydrogel 

microstructures of various compositions should be measured 

to observe the size-dependent change for gels that show dif-

ferent percent swelling increases according to the range of 

gel compositions.   

 4. Conclusion 

 We conclude that micrometer-scale hydrogel structures can 

be affi xed to MEMS resonant sensors to measure the gel mass 

for materials characterization. Our results show a quantitative 

method for measuring mass and swelling of hydrogel micro-

structures, from which we conclude that gel size and stiffness 

infl uence the swelling and diffusion of substances into the gel. 

Furthermore, increased mass values obtained by elevating fl uid 

densities of immersion media are observed, our data suggests 

that a confl uence of multiple factors contribute to this obser-

vation. Future work will focus on resolving these complexities 

and on characterizing hydrogels of different viscoelastic prop-

erties to validate and expand models of mass-spring-damper 

systems for measuring soft materials and biological samples 

with resonant sensors. Due to the high refractivity of aqueous 

solutions, methods other than photolithography (e.g., electro-

hydrodynamic jetting) must be implemented for depositing 

hydrogels of all gel compositions (5%–100%) onto the plat-

form sensor to answer these questions.  
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