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A technique to create hydrogels with tethered concen-
tration gradients of molecules in vitro†

Thomas C. O’Sheaa, Ahmad Salemb and Kelly M. Schultza,∗

This work develops a technique to create and quantify tethered molecular concentration gradients
in a hydrogel using a flow chamber. This device is designed to enable isotropic scaffold swelling,
nutrient diffusion and real-time microrheological measurements. A hydrogel is first photopolymerized
in the flow chamber ensuring that the mechanical properties of the hydrogel across samples are the
same prior to molecular concentration gradient creation. Then molecules are passively diffused into
the scaffold and a second photopolymerization tethers the concentration gradient into the material.
This technique creates in vitro mimics of aspects of biological environments, such as the environ-
ment around a hydrogel implanted in the body for cell delivery. We use a well-defined synthetic
scaffold with a poly(ethylene glycol) (PEG)-norbornene backbone cross-linked with a matrix metal-
loproteinase (MMP)-degradable peptide, a standard material for cell encapsulation. The method to
tether molecular concentration gradients is validated using a fluorescent PEG-thiol (FITC-PEG-SH),
an ideal polymer. We first create a calibration curve by measuring the fluorescence intensity of
hydrogels with known uniform concentrations of the tethered fluorescent molecule. The calibration
curve is used to calculate spatial concentration from measured fluorescence intensity in hydrogels
with polymer or protein concentration gradients. FITC-PEG-SH is diffused through our hydrogel in a
flow chamber for 6, 24 and 48 hours. We make consistent gradients and quantify the concentration
of the fluorescent molecule every 25 µm along the material. Next, we make tethered concentration
gradients of tumor necrosis factor-α (TNF-α), a pro-inflammatory cytokine found in the wound
environment, after 24 hours of diffusion. These gradients are consistent when normalized by the
concentration at the edge of the hydrogel, which varies due to pore clogging. From both molecu-
lar concentration gradients, we calculate an effective diffusion coefficient that is the same order of
magnitude as the value calculated using the multiscale diffusion model. Significant advances made
with this technique include limited confinement of the material, which enables isotropic swelling and
facile nutrient diffusion, the ability to image through the device and the same hydrogel rheological
properties. This technique can be used in future work to characterize cell-laden hydrogels which
present the same physical cues to cells and tethered concentration gradients of chemical cues using
microrheology.

1 Introduction
This study details the development and demonstration of a new
technique to create and quantify hydrogels with tethered concen-
tration gradients. This device is designed to enable sequential
photopolymerization of the material and then the molecular con-
centration gradient, isotropic swelling of the scaffold, nutrient
diffusion into the material and real-time microrheological mea-

a Purdue University, Davidson School of Chemical Engineering, 480 Stadium Mall
Drive, West Lafayette, IN, USA 47907 ∗E-mail: kmschultz@purdue.edu
b Lehigh University, Department of Chemical and Biomolecular Engineering, 124 East
Morton Street, Bethlehem, PA, USA 18015
† Supplementary Information available: [details of any supplementary information
available should be included here]. See DOI: 10.1039/cXsm00000x/

surements. Sequential photopolymerization ensures that the hy-
drogel scaffold has the same rheological properties prior to the
tethering of the molecular concentration gradient1. Confinement
of the hydrogel in the device is limited, which enables isotropic
swelling, maintaining a consistent pore structure, and nutrient
diffusion, which will enable measurements of live cells in hy-
drogels. Finally, the device is designed for fluorescent imaging,
enabling microrheological characterization of the hydrogel after
tethering of the molecular concentration gradient. This technique
is designed to mimic aspects of the in vivo environment in vitro.
For example, in the native environment, concentration gradients
of cell signaling molecules direct cells to migrate to wounded tis-
sue and specify lineage during differentiation1–6,10,11. Hydrogels
are also used for cell delivery where they encapsulate and deliver
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cells to wounded tissue to enhance healing and tissue regenera-
tion12–14,14–19.

Fabricating hydrogels with tethered or untethered concentra-
tion gradients of molecules is well-established2,3,5,6,20–22. Previ-
ously, collagen mats are made with linear concentration gradients
of stromal cell derived factor 1-α (SDF1-α)23. In this work, they
measure an increase in directed neural stem cell migration and
differentiation in high concentration regions23. Other work uses
gradient makers hooked up to peristaltic pumps to form RGDS
or basic fibroblast growth factor (bFGF) concentration gradients
in hydrogels5,6. Both of these techniques use syringe pumps to
form concentration gradients in hydrogels during photopolymer-
ization, which could lead to varied hydrogel rheological prop-
erties across the scaffold. Another method uses capillary tubes
to diffuse different fluorescent proteins through a hydrogel and
measures fluorescence with microscopy24. The µ-slide is a com-
mercially available flow channel (Ibidi) that can be used to create
gradients with live cell systems. However, this commercial device
constricts the gel in 3D. As a result, after photopolymerization the
material will have a non-uniform pore structure after it is swollen.
Non-uniform pore structures will introduce another physical cue
into an experiment.In this work, we develop a device that allows
for future cell-material interaction measurements in a system that
has only a chemical gradient using microrheology.

Microrheology has been used to characterize evolving hydro-
gels and measure spatio-temporal cell-material interactions in the
pericellular region around 3D encapsulated cells25–31. Our device
is designed to enable microrheology characterization, specifically
multiple particle tracking microrheology (MPT). MPT uses video
microscopy to measure the Brownian motion of embedded flu-
orescently labeled probe particles in a material to characterize
dynamically evolving material properties29,32–49. MPT has fast
acquisition times, which allows for the collection of data points
in a dynamically evolving material, such as a hydrogel during
cell-mediated degradation. However, at this time there is not a
device where a hydrogel can be made with a tethered concen-
tration gradient and characterized with microrheology. We will
use microrheology in future work to compare the effectiveness of
a material with a uniform tethered chemical signal to that of a
material with a tethered concentration gradient of the same cue.

To develop this technique we consider our future applica-
tions characterizing cell-laden hydrogels and use a well-defined
poly(ethylene glycol) (PEG)-based scaffold that has been widely
used for in vivo and in vitro experiments13,14,29,50–58. The
scaffold consists of a poly(ethylene glycol) (PEG)-norbornene
backbone cross-linked with a matrix metalloproteinase (MMP)-
degradable peptide sequence (KCGPQG↓IWGQCK)14. This is
a photopolymerization scaffold that uses thiol-ene chemistry59.
The formulation is designed to contain unreacted -ene groups in
the final scaffold, which we leverage to tether molecules into the
scaffold that are end functionalized with thiols. To create a con-
centration gradient of chemical cues, we allow passive diffusion
of these molecules into the cross-linked scaffold and tether them
into the scaffold using a second photopolymerization reaction.
We illustrate this technique using fluorescently labeled PEG-thiol
or thiolated TNF-α.

In this work, we develop a method to create concentration gra-
dients of molecules and tether them into a hydrogel. A concentra-
tion gradient is made using passive diffusion in a flow chamber.
This device uses facile fabrication techniques and is designed to
enable incubation of the hydrogel in a fluid environment after
fabrication. This is done for future applications where cell-laden
hydrogels will be created with cytokine concentration gradients
requiring incubation in media for cell survival. Before forming
these gradients, we make calibration curves to relate measured
fluorescence intensity to known concentrations of each fluores-
cent molecule. This enables spatial molecular concentration to be
calculated from measured fluorescence intensity once it is teth-
ered into the hydrogel. As a check of our measurements of teth-
ered concentration gradients, we fit them to a solution of Fick’s
second law to calculate effective diffusivity for each molecule and
compare these values to theoretical predictions from the multi-
scale diffusion model. We first show proof-of-concept of this tech-
nique by tethering a concentration gradient of fluorescent PEG-
thiol (FITC-PEG-SH) into our hydrogel scaffold. We show we
can consistently make concentration gradients and the measured
effective diffusivity of PEG in our network is the same order of
magnitude as predicted values. We then show we can create a
tethered cytokine concentration gradient in our scaffold. Since
the cytokine is similar in size to the pores of the hydrogel we
measure pore clogging at the edge of the hydrogel. Data from
these concentration gradients are consistent when normalized by
the concentration of the cytokine at the edge of the hydrogel. A
new workflow and technique is developed using two photopoly-
merizations to create consistent concentration gradients of teth-
ered molecules in hydrogels with the same rheological properties.
Our device enables isotropic swelling, nutrient diffusion and live
cell imaging, which are key advances. This device can be used
in a wide range of applications including enabling fabrication of
materials with changing molecular microenvironments and mea-
surements of cell-material interactions.

2 Materials and methods

2.1 Poly(ethylene glycol)-norbornene scaffold

The hydrogel used in this work is composed of a 4-
arm poly(ethylene glycol)-norbornene backbone (PEG-N, Mn =

20,000 g
mol , 3 mM, f = 4, where f is the functionality of

the polymer, JenKem) cross-linked with a matrix metallopro-
teinase (MMP)-degradable peptide (KCGPQG ↓ IWGQCK, Mn =

1,346 g
mol , 3.9 mM, f = 2, Bachem). The precursor solution

contains lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP,
Sigma-Aldrich, Mn = 294 g

mol , 1 mM)14,29. LAP is a photoinitiator
and begins step-growth polymerization when the precursor solu-
tion is exposed to ultraviolet (UV) light (5 mW

cm2 , 365 nm, UVP, LLC)
for 3 minutes. The material is uniformly cured and fully cross-
linked before 3 minutes of UV light exposure is complete51,56? .
LAP is chosen for its inert reactivity when encapsulating pro-
teins in gels60. All components are diluted in phosphate buffered
saline (1× PBS, Gibco) and hydrogels are formed at the concen-
trations described above with 51 vol% PBS. The scaffold is cross-
linked at a thiol:ene ratio of 0.65, a widely used composition with
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a low cross-link density that enables molecular diffusion through
the network55,59. In addition, the thiol:ene ratio creates a mate-
rial with a storage modulus that mimics the stiffness of soft tis-
sues, such as adipose tissue29,51. Due to network imperfections,
even at a higher thiol:ene ratio, there would be unreacted nor-
bornene molecules present, and additional thiol functionalized
molecules could be tethered into the material.

2.2 Flourescein poly(ethylene glycol)-thiol (FITC-PEG-SH)

Flourescein poly(ethylene glycol)-thiol (FITC-PEG-SH, Mn =

1000 g
mol , 0.1 mM, f = 1, Nanocs) is tethered into the hydrogel

scaffold to validate the technique. This molecule is used as re-
ceived. Calibration curves relating FITC-PEG-SH fluorescence in-
tensity to known concentrations are made by mixing FITC-PEG-
SH at varying concentrations into hydrogel precursor solutions
described above. Briefly, a stock solution of 1 mM FITC-PEG-SH
is made in 1× PBS. Then, this stock solution is diluted to vary-
ing final concentrations in each hydrogel precursor solution. The
amount of PBS in the final solution is decreased to account for
the added FITC-PEG-SH solution.

FITC-PEG-SH is also diffused through cross-linked PEG-N hy-
drogels to make concentration gradients. The concentration of
FITC-PEG-SH used to make concentration gradients is 0.05 mM.
FITC-PEG-SH is covalently tethered into the scaffold after pas-
sive diffusion using thiol-ene chemistry and additional UV light
exposure for 30 seconds. FITC-PEG-SH is chosen to show proof-
of-concept of the method. The molecule has a single thiol group
that can be covalently tethered into the network. Additionally, it
is significantly smaller than the pore size of the network.

2.3 Thiolation of tumor necrosis factor-α (TNF-α)

TNF-α (PeproTech) is prepared for long-term storage by re-
hydrating lyophilized TNF-α and adding an equal volume of
10 wt% D-(+)-trehalose solution (Sigma-Aldrich) to create a so-
lution with a final concentration of 5 wt% of D-(+)-trehalose
to prevent protein degradation. Next, TNF-α is thiolated by
adding 20 molar excess of 2-iminothiolane hydrochloride (Traut’s
regent, Sigma-Aldrich) following previous protocols57,58,60–62.
The reaction is incubated at room temperature for 1 hour. Dur-
ing incubation, additional thiol groups are covalently bound
to the surface of TNF-α . The solution is added to a desalt-
ing column (7,000 Da molecular weight cut-off, zebra spin de-
salting column, Thermo Fisher Scientific) and centrifuged at
1500 relative centri f ugal f orce (RFC) for 3 minutes. Unreacted
thiol will be trapped in the desalting column and thiolated TNF-α
will flow through the column. 10 wt% trehalose is again added to
maintain the concentration of 5 wt% trehalose to prevent protein
degradation. The protein is stored in a −80◦C freezer until use.
Uniformly tethering TNF-α does not change the storage modu-
lus or the microstructure of the material1. Based on our previ-
ous analysis, we determine that thiolated TNF-α does not con-
tribute to cross-linking. Thiolated biomolecules have been pre-
viously shown to maintain bio-activity in similar hydrogels using
the same thiolation reaction1,57,61,63–65.

2.4 Fluorescently labeling TNF-α

TNF-α is fluorescently labeled to enable spatial measurement of
concentration once it is tethered into a hydrogel scaffold fol-
lowing the manufacturer’s protocol66. Before dying thiolated
TNF-α the solution is lyophilized (Free Zone 4.5 Liter, Labconco)
to remove the solution from the chemically modified protein.
Lyophilized thiolated TNF-α is added to a 1.0 M sodium bicar-
bonate solution (Anhydrous, Sigma-Aldrich). Separately, 10 µL
of deionized water is added to Alexa Flour 488 (Microscale label-
ing kit, ThermoFisher) and is thoroughly mixed. Thiolated TNF-α
and dye are combined ensuring there is at least 5 µg of protein
and the dye to protein ratio is not less than 1 µg of protein to
1 µL of dye. The solution is incubated at room temperature and
protected from light for 20 minutes. After completion of the reac-
tion, the solution is passed through a 7,000 Da molecular weight
cut-off zebra desalting column (Thermo Fischer Scientific) and
centrifuged at 1500 RPM for 2 minutes. Unreacted dye will re-
main trapped in the desalting column and the product will flow
through the column.

Fluorescently labeled TNF-α is added to hydrogel scaffolds to
make calibration curves as described for FITC-PEG-SH. TNF-α is
made at a stock concentration of 28.7 µM and diluted to vary-
ing final concentrations in the hydrogel precursor solution prior
to UV exposure. TNF-α is also used to make concentration gra-
dients tethered into hydrogel scaffolds. TNF-α is made at a stock
concentration of 31.1 nM and contacted with the hydrogel scaf-
fold for passive diffusion in the flow chamber. After diffusion the
scaffold is exposed to UV light to tether TNF-α into the material.
A post-operative wound has a local concentration of 11.1 ng

mL of
TNF-α 67. In our work, we use a higher concentration to measure
the molecule in the material.

2.5 Modified indirect enzyme-linked immunosorbent assay
(ELISA)

A modified indirect ELISA is adapted from published protocols
to detect a tethered biomolecule in a hydrogel58,61–64,68. Ex-
periments use triplicate hydrogel replicates. 3 gels with tethered
TNF-α are formed and 3 gels are made without TNF-α . Gels are
washed 3× in 3 mL of 1× PBS (Gibco). Next, PBS is decanted and
the gels are incubated overnight in 3 mL of mouse-anti-human
TNF-α solution (5 µg

mL , monoclonal antibody, Peprotech) dissolved
in ELISA wash. ELISA wash is a mixture of 0.1% bovine serum al-
bumin (BSA, Sigma-Aldrich) and 0.05% Tween-20 (Thermo Fisher
Scientific) in PBS. Gels are then rinsed 3× in ELISA wash. Next,
gels are incubated in 100 ng

mL horseradish peroxidase-conjugated
goat-anti-mouse secondary antibody (Jackson ImmunoResearch)
for 4 hours. Gels are again rinsed 3× in ELISA wash and incubated
overnight. The following morning, gels are rinsed a final time for
1 hour in ELISA wash to remove any unbound secondary antibody.
Gels are moved to a sterile 96-well plate. 70 µL of PBS is added
to the top of the gels and 100 µL of 3,3′,5,5′-tetramethylbenzidine
(TMB, Thermo Fisher Scientific) is added to each well. After
20 minutes, the reaction is quenched with 100 µL of 65% sulfu-
ric acid (Thermo Fisher Scientific). Absorbance is measured us-
ing a spectrophotometer at 450 nm (Spectra Max id3, Molecular
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Fig. 1 Absorbance measurements after completion of indirect ELISA for
hydrogels with tethered TNF-α compared to control hydrogels without
tethered TNF-α. A t-test of absorbance measurements show there is a
statistically significant difference between groups. This confirms tethered
TNF-α is present. Data are presented as the mean ± the standard
deviation for N = 3, where N is the number of hydrogel replicates per
condition.

Devices). Results in Figure 1 show that there is a statistically sig-
nificant increase in absorbance of scaffolds with TNF-α compared
to scaffolds with no cytokine. This indicates that TNF-α is present
in the hydrogel scaffold.

2.6 Fluorescence measurements and image analysis for cal-
ibration curves

Hydrogels with known concentrations of fluorescent molecules
(FITC-PEG-SH or thiolated TNF-α , N = 5 where N is the number
of replicates) are imaged using a laser scanner (Cytvia Amersham
Typhoon, Cy2) to measure fluorescence intensity. 17 µL gels are
formed on a microscope slide, rinsed 3× (with 1× PBS or cell
media) and loaded onto the laser scanner stage. Voltage is set
to 275 V for the FITC-PEG-SH calibration curve and concentra-
tion gradient measurements. For the TNF-α calibration curve and
concentration gradient measurements, the voltage is set to 356 V .
Data are collected in proprietary file types (.gel) to limit compres-
sion and analyzed using ImageJ (NIH).

Analysis of hydrogels for calibration curves is done by first trac-
ing an area in the 17 µL gel, shown in Figure 2 for gels with
fluorescent TNF-α. The edge of the gel is excluded due to imag-
ing artifacts. The median fluorescence intensity of the selected
area in A.U. is calculated. The calibration curve hydrogels with
FITC-PEG-SH have concentrations between 0− 0.40 mg

mL and cor-
responding fluorescence intensity between 1210 ± 90 A.U. and
65300 ± 150 A.U..

Hydrogels made for the tethered TNF-α calibration curve are
swollen overnight in cell media. Cell media contains proteins and
is required for cell survival within our hydrogels, which will be
needed for future work. Hydrogels are swollen in cell media to
ensure the fluorescent cytokine can still be detected in a solu-
tion with other proteins. Cell media is made of RoosterNourish

Fig. 2 Quantification of the fluorescence intensity of a hydrogel with
known concentrations of uniformly tethered dyed and thiolated TNF-α.
Fluorescence intensity is quantified for a calibration curve by outlining
the perimeter of the gel using the oval selection tool and circling the
middle of the hydrogel.

Basal-MSC-CC (RoosterBio) and prepared according to the man-
ufacturer’s protocol. 50 U

mL penicillin/streptomycin (Gibco) and
0.5 µg

mL fungizone (Gibco) are added to reduce fungi and bacte-
rial growth. 17 µL hydrogels are loaded on the laser scanner and
imaged. The median fluorescence intensity is quantified in Im-
ageJ by outlining an area within the gel. An example is shown in
Figure 2. Again, edges are excluded due to imaging artifacts.
Gels have a dyed and thiolated TNF-α concentration range of
0− 90,000 ng

mL and corresponding fluorescence intensity between
2430 ± 360 A.U. and 21280 ± 2870 A.U..

To calculate a fluorescence intensity-concentration relationship
for FITC-PEG-SH and TNF-α , we fit the experimental data to a
power-law,

B = B0 +ACn (1)

where B is fluorescence intensity (A.U.), B0 is the fluorescence
intensity of a hydrogel with no dyed molecule (A.U.), C is con-
centration ( mg

mL for FITC-PEG-SH or ng
mL for TNF-α), A is a con-

stant from the fit and n is the power-law exponent. Data are fit
using weighted least-squares fitting where the weights applied
at each point are the standard deviations of the measurements.
B0 is a value of the inherent fluorescence of a hydrogel with no
dyed molecule. For experiments with FITC-PEG-SH B0 is held to
a value that is experimentally measured. In TNF-α experiments,
the measured value of B0 is used as an initial guess to get the best
fit to experimental data.

2.7 Devices for fabrication of hydrogels with tethered
molecular concentration gradients

We have designed a flow chamber that enables the diffusion of
a fluorescent molecule in one direction and an inert fluid in the
opposite direction. We design this device with the goal of using
it in future experiments with cell-laden hydrogels where a cell
signaling molecule will diffuse in one direction and there will be
counter-diffusion of cell media.

This device enables (1) nutrient counter diffusion, (2) fluo-
rescent imaging and (3) isotropic material swelling. Counter-
diffusion of cell media is needed because it provides micro-
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nutrients for cell survival. Cell viability in the device is shown and
quantified in the ESI in Figure S1†. Encapsulated cell viability is
within error of previous experiments where cells are encapsulated
in materials with uniformly tethered TNF-α . Hydrogels made in
these devices can also be characterized with microrheology, which
requires imaging with a fluorescent microscope. An example of
fluorescent imaging of probe particles suitable for microrheology
taken in our device is shown in the ESI in Figure S2†. Our final
consideration during device design is that current commercially
available flow chambers constrict material in 3D. The device de-
veloped in this work allows for facile photopolymerization of a
material that under fills the width of the chamber and does not
have a top plate allowing the material to swell after polymeriza-
tion with a uniform pore size. This is shown in Figure 3.

Our device is made of five glass parts that form a rectangu-
lar microchannel. The bottom of the device is a large micro-
scope slide (Fisher Scientific, l = 75 mm, w = 50 mm, h = 1 mm)
with two symmetric rectangular glass skates (Fisher Scientific,
l = 55±2 mm, w = 25±0.3 mm, h = 1 mm) and a backstop on each
side (Fisher Scientific, l = 26±0.3 mm, w= 14±5.7 mm, h= 1 mm).
The skates and backstop have been cut from standard microscope
slides. An image of a device is shown in Figure 3a. The skates and
backstops are adhered first to the bottom piece of glass using UV
adhesive glue (NOA 81, Norland Optical Adhesive) and exposure
to UV light (5 mW

cm2 ,365 nm, UVP, LLC) for 5 minutes. This forms
the symmetric channel shown in Figure 3. Each device is exposed
to additional UV light for 30 minutes to ensure complete reaction
of the UV glue. Devices are then rinsed with 70% ethanol and
any excess glue in the channel is removed using a razor blade.
Before starting an experiment, each device is measured using a
micrometer and the experimental total volume is calculated. The
total volume is divided by three, which sets the volume for each
component (fluorescent molecule diffusing solution, inert diffus-
ing solution and hydrogel). An additional schematic of the device
assembly is shown in the ESI in Figure S3†.

2.8 Molecular concentration gradient formation

Gradients are created by polymerizing a hydrogel in the middle
of the device by exposing the precursor solution to UV light for
3 minutes, shown in Figure 3. Once the hydrogel is photopolymer-
ized, an equivalent volume of the fluorescent molecule solution is
pipetted on the left side of the hydrogel. Immediately after, the
right side of the hydrogel is filled with an equal volume of an in-
ert liquid (PBS for FITC-PEG-SH experiments and cell media for
TNF-α experiments). After filling, each device is placed in a hu-
midified incubation chamber to ensure the hydrogel does not dry
out while the gradient is formed. The modified incubation envi-
ronment consists of a bell jar covering a glass Petri dish covered
in tin foil to reduce photobleaching of fluorescent molecules. Wet
paper towels are placed in the incubation chamber to keep the
environment humidified.

The flow chamber is left for a specified amount of time, 6, 24
or 48 hours, to allow diffusion of fluorescent molecules into the
hydrogel. Once the gradient is formed, the hydrogel is exposed
to UV light again for 30 seconds, which tethers the fluorescent

Fig. 3 Assembly of a device for molecular concentration gradient forma-
tion. First a) symmetric glass rectangles (skates) are cut and glued onto
a standard microscope slide and then b) rectangular backstops are glued
at the end of the channels. This is done to create reservoirs for diffusing
solutions at either end of the channel and to ensure one directional dif-
fusion across a hydrogel.

Fig. 4 Quantification of fluorescence intensity of a hydrogel with a teth-
ered concentration gradient of TNF-α. Fluorescence intensity is quanti-
fied using the rectangular selection tool and the profile is plotted.

molecules into the hydrogel scaffold. To ensure a concentration
gradient of fluorescent molecules is tethered into the hydrogel,
the scaffold is rinsed 3× either with PBS for FITC-PEG-SH or cell
media for TNF-α experiments. An additional schematic of the
tethering approach is shown in the ESI in Figure S4†. These hy-
drogels are then loaded onto the laser scanner and imaged at the
voltages specified above.

2.9 Image analysis of fluorescent molecule concentration
gradient tethered into hydrogel scaffold

Spatial measurements of fluorescence are done using images
taken with the laser scanner. These images are analyzed using
ImageJ, to confirm that a concentration gradient is successfully
tethered into each hydrogel scaffold. An example of this is shown
in Figure 4. The fluorescent region of the image is selected us-
ing the rectangular selection tool in ImageJ and the fluorescence

Journal Name, [year], [vol.],1–14 | 5

Page 5 of 15 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
7:

55
:3

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SM01194A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01194a


intensity profile is plotted and exported. The edges of the mate-
rial are not selected to avoid imaging artifacts. The plot profile
tool does not provide a standard deviation, it only reports a me-
dian fluorescence intensity every 25 µm in the gel. The standard
deviation is essential to quantify the variation in measured flu-
orescence. To calculate a standard deviation, the straight line
selection tool is used to measure average fluorescence intensity
horizontally in 5 sections in a hydrogel along the concentration
gradient. From the 5 average horizontal fluorescence intensity
measurements, we calculate the standard deviation. This value is
only used in the propagation of error and a representative image
is provided in the ESI in Figure S5†.

2.10 Molecular diffusion in hydrogels

The effective diffusion coefficient is calculated from our experi-
mental data. This is done to confirm that the expected molecular
diffusion in our hydrogel occurs. We then compare this to the-
oretical diffusion coefficients for molecular diffusion through a
porous medium.

We estimate the radius of gyration for FITC-PEG-SH and TNF-α
which are 1.95 and 1.71 nm, respectively. An explanation of the
calculation of radius of gyration for each molecules is provided
in the ESI†. The Stokes-Einstein-Sutherland equation is used to
calculate molecular diffusion in a free volume. This diffusion, D0,
is defined as

D0 =
kbT

6πη rs
(2)

where kbT is the thermal energy, η is the solution viscosity and
rs is the radius of the molecule diffusing69. Instead of calculat-
ing a single molecule diffusing, we are interested in modeling a
collection of molecules moving through a hydrogel, also known
as mutual diffusion69. Diffusion of a collection of FITC-PEG-SH
or thiolated TNF-α cannot be described using the Stokes-Einstein-
Sutherland equation but we have used this as a starting point. A
model that describes mutual diffusion of solutes in hydrogels is
shown below

D
D0

=

[
erf
(

rFV

rs

)
exp

(
−
(

rs

rFVV

)3(
ϕp

1−ϕp

))]

+erfc
(

rFV

rs

)
exp

(
−π

(
rs + r f

ξ +2r f

)2
) (3)

where D is the diffusion coefficient through a hydrogel, D0 is
the Stokes-Einstein-Sutherland diffusion coefficient, rFV is the
average radius of free volume voids, ϕp is the weight fraction
of the polymer, r f is the cross-sectional area of a hydrated PEG
molecule, ξ is the mesh size of the network and rFVV is a constant
unique to a polymer70. We use this equation to calculate theoret-
ical diffusivity for FITC-PEG-SH and thiolated TNF-α through our
PEG-N hydrogel. Using Equation 3 we use the variables defined in
Table S1† to calculate the theoretical diffusion coefficients listed
in the ESI in Table S2†.

Mutual diffusivity of a group of identical molecules as they spa-
tially diffuse through a hydrogel can be modeled using a solution

of Fick’s law, which is
∂C
∂ t

= D
∂ 2C
∂x2 (4)

where C is the concentration of the diffusing molecule, D is the
diffusion coefficient of the collection of molecules in the system, t
is time of diffusion and x is the distance along the hydrogel scaf-
fold. This equation is solved using the assumption that diffusion
occurs in only the x direction71. To solve the equation, we use
two initial conditions. First, the concentration at the edge of the
hydrogel (x = 0) is equal to the initial concentration C =C0 of the
source in the flow chamber. Second, at the farthest edge from the
source (x = L), the concentration is some unknown concentration
CA. We use these initial conditions and the convolution theorem
to reduce Equation 4 to

C(x, t) =C0 ∗ erfc

(
L

2
√

De f f t

)
(5)

where the complementary error function is defined as er f c =

1− 2√
π

∫ x
0 e−Ξ2

dΞ where Ξ is an integration variable. We report
an effective diffusion coefficient, De f f , by fitting the entire con-
centration profile of fluorescent molecules in a gel to Equation
5.

2.11 Statistical analysis

Calibration curves for fluorescent PEG-SH and thiolated TNF-α
are created for each system. Each concentration of a fluorescent
molecule is measured in 5 hydrogel samples for each concentra-
tion. The standard deviation in the measured fluorescence inten-
sity is calculated and reported as the experimental error. Calibra-
tion curves are fit to Equation 1 considering the standard devia-
tion.

Propagation of error is used to represent the error from the fit
of the calibration data and averaging local fluorescence intensity
every 25 µm in a gel. To calculate the propagation of error we use

σB

A
=

(
B
A

)2 [(
σB

B

)2
+
(

σA

A

)2
]

(6)

where σB
A is the sum of the deviation in calculating spatial fluo-

rescence intensity, B is the average fluorescence intensity, σB is
the deviation in fluorescence intensity, A is a constant from curve
fitting and σA is the error in fitting A. Measured fluorescence in-
tensity is then converted to concentration using the calibration
curve. To propagate the error when calculating the concentration
of fluorescein poly(ethylene glycol)-thiol we use

σC =C
(

1
n

(
σB/A

B/A

))
(7)

where σC is the sum of the error in calculating concentration, C
is the fluorescence intensity at a given point in a gel and n is the
power-law exponent. For experiments using fluorescent For TNF-
α, due to the variation in the measurements, measured B0 is used
as an initial guess when fitting but not held constant. To account
for this, we use

σCTNF =
√

σ2
C +σ2

B0
(8)
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where σCTNF is the propagation of error in calculating the concen-
tration of TNF-α in a hydrogel and σB0 is the error from fitting the
intercept.

Data and error measurements are calculated and plotted in
two ways. Average concentration measurements are plotted with
the standard deviation between measurements provided as the
shaded region. In addition, we show individual concentration
measurements with the propagation of error as the shaded re-
gion.

3 Results and discussion

The goal of this work is to develop a method to create a con-
centration gradient of molecules covalently tethered into a pho-
topolymerized hydrogel scaffold that can be later used for mi-
crorheological experiments. Calibration curves are made by mea-
suring the fluorescence intensity of hydrogels with known con-
centrations of each fluorescent molecule uniformly tethered into
the material. The calibration curve enables fluorescence inten-
sity measurements to be used to calculate concentration with re-
spect to distance across a hydrogel with a molecular concentra-
tion gradient. We show the validity of the method using a flu-
orescein poly(ethylene glycol)-thiol, FITC-PEG-SH, which is co-
valently tethered into the hydrogel. We use our device to en-
able passive diffusion of FITC-PEG-SH into the scaffold for 6, 24
or 48 hours. After the diffusion time, the scaffold is exposed to
UV light to tether the FITC-PEG-SH into the material and the hy-
drogel is washed. Fluorescence intensity is then measured every
25 µm across the scaffold and concentration is calculated using
the established calibration curve. We measure consistent molec-
ular concentration gradients. Next, we use the same method to
create and measure tethered cytokine concentration gradients of
fluorescent thiolated TNF-α in our hydrogel. This molecule dif-
fuses through the hydrogel for 24 hours and is then tethered into
the material with a second UV exposure. We measure consistent
molecular concentration gradients when normalized by the con-
centration at the edge of the hydrogel. We verify the diffusivity
of these molecules through the hydrogel by calculating experi-
mental effective diffusion coefficients, which are the same order
of magnitude as values calculated with the multiscale diffusion
model for both molecules. This is an accessible method to create
and tether molecular concentration gradients within a hydrogel
scaffold and can be used with a range of hydrogel scaffolds and
molecules of interest.

3.1 Concentration gradient in a hydrogel made in the flow
chamber

The empty device shown in 5a, uses an equal volume of hydrogel,
diffusing molecule and an inert source to create a swollen hydro-
gel with a molecular concentration gradient. Figure 5b shows a
device where a hydrogel with a chemical gradient is formed over
6 hours. For this image, red food coloring is put on one end of the
device and allowed to diffuse through the hydrogel. At the same
time, water is added to the other end of the device. The result
in Figure 5b shows a color gradient across the hydrogel scaffold
from red to yellow. This process is driven by mutual diffusion or

Fig. 5 Flow chamber used to make concentration gradients of molecules
tethered into a hydrogel scaffold. a) An image of an empty and b) filled
device with a hydrogel with a concentration gradient of food coloring for
illustration.

a difference in chemical potential69. Over time, the driving force
will create a concentration gradient in the hydrogel following the
diffusion profile described in Equation 5. To quantify concentra-
tion using this method a calibration curve is first created.

3.2 Tethered FITC-PEG-SH concentration gradients
Figure 6 is the calibration curve that relates measured fluores-
cence intensity of FITC-PEG-SH to known concentrations. These
scaffolds are rinsed 3× with 1× PBS to ensure any untethered
dyed molecules are removed. Hydrogels are placed on a laser
scanner and fluorescence intensity is quantified using ImageJ. We
make hydrogels with a range of fluorescent polymer, 0− 0.4 mg

mL .
Error bars are the standard deviation between measurements of
5 different hydrogels. We fit the data holding the value of B0 con-
stant, which is the measured fluorescence intensity of a hydrogel
without FITC-PEG-SH. We hypothesize that fluorescence intensity
measurements will plateau at concentrations above 0.4 mg

mL FITC-
PEG-SH because this value is close to the limit of measurable fluo-
rescence intensity by the laser scanner, Bmax = 65,536 A.U.. When
creating a calibration curve, it is essential to consider a trade-off
between the detection range and precision.

Our measurements are precise to six-hundredths of a mg of flu-
orescent polymer, which is 3610 A.U. detection. This means that
the laser scanner can measure a significant difference between a
hydrogel with 0 mg

mL fluorescent polymer (Bavg = 1210 ± 90 A.U.)
and a hydrogel containing 0.006 mg

mL (Bavg = 4820± 200 A.U.). The
data are fit to a non-linear equation, similar to previous work, due
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Fig. 6 Calibration curve of measured fluorescence intensity changes in
PEG-N hydrogels with known concentrations of FITC-PEG-SH. The error
bars are the standard deviation between measurements (N = 5). In the
figure, B0 is the fluorescence intensity of a hydrogel with no dyed molecule
(A.U.), A is a constant with units of A.U.

(
mL
mg

)n
and n is the power-law

exponent.

to the large concentration range of FITC-PEG-SH24. For low con-
centration ranges in Figure 6, 0 ≤ C ≤ 0.05 mg

mL , the relationship
between concentration and measured fluorescence intensity is lin-
ear. A linear equation could be fit to this limited range of data.
But due to the wider range of concentrations measured for the
calibration curve, our data are fit to the power-law relationship
described in Equation 1. A non-linear relationship between mea-
sured fluorescence and the concentration of fluorescent molecules
at high concentrations has been previously reported and could be
caused by three phenomena: static quenching, dynamic quench-
ing or self quenching7,24. We hypothesize some self quenching
is present in our system. During self quenching two fluorophore
groups collide, forming a complex that reduces the measured flu-
orescence signal7–9. Figure 6 is plotted on a log-log scale and
provided in the ESI as Figure S6†.

In Figure 7 hydrogels are formed in devices and passive dif-
fusion is allowed to occur for either 6, 24, or 48 hours. All mea-
sured concentration profiles have similar shapes to the profiles de-
scribed by Fick’s second law, Equation 5. The fluorescence inten-
sity of individual hydrogel replicates is measured and concentra-
tion is calculated along the scaffold using the calibration curve in
Figure 6. In Figure 7, concentration is on the y-axis and distance
from the edge of the hydrogel is on the x-axis. The propagation of
error calculated from the fit in the calibration curve is also plotted
as a shaded region behind the solid line. Although the propaga-
tion of error is plotted for all measurements, it is small compared
to the measurements, so it is not visible in Figure 7. The start-
ing concentration at the source is 0.05 mg

mL of FITC-PEG-SH. At
the edge of the gel we measure up to three times that concentra-
tion. A difference in chemical potential drives the FITC-PEG-SH
molecules from the well into the hydrogel and at the edge of the
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Fig. 7 Individual hydrogel profiles (N = 3) with tethered concentration
gradients of FITC-PEG-SH after diffusion for a) 6, b) 24 or c) 48 hours.
The solid line is the average measured concentration in each device and
the shaded region is the propagation of error from the calibration curve
fit and is undetectable due to the small error.

hydrogel there is slowed molecular diffusion into the porous scaf-
fold, this could cause an increase in concentration. In addition,
pores in the scaffold can sometimes become clogged, resulting in
a higher concentration at the edge of the gel than in the well.
This is supported by the relative size of the scaffold pores to the
polymer. The radius of gyration of FITC-PEG-SH, Rg = 1.95 nm, is
similar to the mesh size of the hydrogel ∼ 10 nm.

In Figure 7a, red lines show the average concentration of FITC-
PEG-SH in a hydrogel after diffusing for 6 hours as distance across
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the length of the hydrogel increases. The length of each hydrogel
is slightly different because the total volume of each flow cham-
ber is different. Before starting the experiment each device is
measured using a micrometer and the total volume is calculated
and the volume of each component is adjusted to ensure they
are all equal. The largest deviation in measured concentrations
across the width of a single hydrogel is after 6 hours of diffu-
sion, Figure 7a, compared to diffusion over longer times (24 or
48 hours). The standard deviation between replicates reported in
these measurements is shown in the ESI in Figure S7†. The source
of this error is from averaging the fluorescence intensity every
25 µm. The gel does not have FITC-PEG-SH tethered uniformly
across the width of the gel, shown in the ESI in Figure S5†. In all
three replicates, we measure the highest fluorescence intensity or
presence of fluorescent molecules at or near the edge of the gel
and lower values in the middle of the channel. We hypothesize
that this spatial deviation in concentration is because the differ-
ence in chemical potential in the gel and source is the highest at
6 hours. Molecules along the edge of the gel can be stuck to the
wall and have slower diffusion due to the no-slip boundary con-
dition and hydrodynamic interactions with the wall72,73. Due to
this slower diffusion, there can be a build up of molecules near
the edge of the gel resulting in a higher measured fluorescence
intensity. At longer times, 24 and 48 hours, we do not measure
this non-uniform distribution of fluorescent molecules across the
width of the gel.We hypothesize that there is no significant con-
centration gradient in the z-axis of the material because it is much
smaller compared to the y-axis (width). Also deviations in the y-
axis are only measured at 6 hours of diffusion and not at longer
times.

Each green line in Figure 7b shows one of three hydrogel repli-
cates where diffusion occurs for 24 hours. As distance from the
source of the flow chamber increases the concentration of FITC-
PEG-SH decreases. The three replicates do not have the same
concentration at the beginning of the gel. When diffusion occurs
for 24 hours, we measure an edge concentration that is on aver-
age ∼ 3.5× higher than the concentration of FITC-PEG-SH in the
source. We hypothesize this is because at the edge of the hydrogel
there is an increase in concentration due to slowed diffusion into
the porous medium and pores may be clogging with FITC-PEG-SH
causing a higher concentration at the edge of the gel compared to
the concentration added to the well of the flow chamber.

The blue lines in Figure 7c show three hydrogel replicates
where diffusion is allowed to occur for 48 hours. We measure
an edge concentration that is on average ∼ 3× greater than the
concentration of FITC-PEG-SH in the source of the device. This
is again likely due to slowed diffusion and pore clogging at the
entrance of the hydrogel.

To calculate the effective diffusion coefficient of FITC-PEG-SH
in our network, we use Equation 5. The results of this calcula-
tion are provided in Table 1. When the experiment begins there
is 0 mg

mL of FITC-PEG-SH in the hydrogel and 0.05 mg
mL of FITC-PEG-

SH in the source or well. At t = 0 hours, the chemical potential is
the highest. The gel and the source are driven to reach chemical
equilibrium, which is when the concentration of FITC-PEG-SH is
equal in the gel and the source. This will result in a chemical po-

tential equal to zero69. Table 1 shows that as the time of diffusion
of the fluorescent molecule into the hydrogel increases, the mag-
nitude of diffusivity decreases because the difference in chemical
potential is also decreasing. The theoretical diffusivity of FITC-
PEG-SH is 1.19× 10−10 m2

s , calculated using the multiscale diffu-
sion model described by Equation 3. A faster effective diffusion
coefficient is measured in the 6 hour experiment compared to the
theoretical diffusion coefficient when the chemical potential is the
highest. At 24 hours the measured effective diffusivity is the same
order of magnitude as the theoretical value. In the 48 hour exper-
iment, we measure an effective diffusivity an order of magnitude
slower than predicted by the multiscale diffusion model because
chemical potential is the lowest.

Time (hours) Diffusion coefficient (m2/s) Error (m2/s)
Theoretical 1.19×10−10 –

6 1.6×10−9 ±3.7×10−11

24 3.6×10−10 ±7.3×10−12

48 9.1×10−11 ±7.1×10−12

Table 1 Diffusion coefficients of FITC-PEG-SH in PEG-N hydrogels.

3.3 Tethered TNF-α concentration gradients

TNF-α is a molecule known to increase stem cell motility and acti-
vate human mesenchymal stem cells (hMSCs) during the wound
healing process1,18,74. To design a material that can spatially di-
rect encapsulated cell migration from a hydrogel to a wound, we
create hydrogels with tethered concentration gradients of TNF-α .
The goal of this work is to show the method previously described
and validated with FITC-PEG-SH can be used to create hydrogels
with tethered protein gradients. We use the same experimental
method and device shown in Figure 5, but in these experiments
the fluorescent molecule diffusing into the hydrogel is the cell
signaling molecule TNF-α .

Figure 8 is the calibration curve of measured fluorescence in-
tensity of hydrogels with dyed and thiolated TNF-α . After pho-
topolymerization, gels are triple rinsed to ensure removal of
any unbound molecules. Error bars are the standard deviation
between fluorescence intensity measurements of different gels.
Measurements are fit to the power-law relationship described by
Equation 1. In Equation 1, B is the measured fluorescence in-
tensity, B0 is the measured fluorescence intensity of a gel with
no dyed TNF-α, A is a constant, C is the concentration of dyed
TNF-α in ng

mL and n is the power-law exponent. n, A and B0 are
fit to experimental measurements. For these measurements, we
are measuring a more dilute concentration regime at a higher
voltage than FITC-PEG-SH experiments. The smallest amount
of dyed TNF-α we can detect is 300 ng

mL , which is measured at
B = 5490 ± 300 A.U.. We use such dilute concentrations because
cell signaling molecules have been shown to affect cell function
at concentrations as low as pg

mL and can cause cell death at high
concentrations16,75,76.

With the completion of the calibration curve, concentration
gradients of TNF-α are formed in samples allowing passive dif-
fusion for 24 hours. 24 hours is chosen because consistent FITC-
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Time (hours) Diffusion coefficient (m2/s) Error (m2/s)
Theoretical 1.57×10−10 –

24 4.94×10−10 ±3.04×10−11

Table 2 Diffusion coefficients of TNF-α in PEG-N hydrogels.

PEG-SH gradients are formed at this time. Figure 9 shows individ-
ual concentration profiles of fluorescent TNF-α across a hydrogel.
Concentration is on the y-axis and distance from the edge of the
hydrogel is on the x-axis. The error propagated from the fit to the
calibration curve is small compared to the measurements and is
not easily seen in Figure 9. An inset is provided to illustrate this
and show one of the replicates more clearly.

The dyed and functionalized TNF-α source concentration is
541 ng

mL for all replicates. Figure 9 shows different starting con-
centrations for each replicate. We measure similar pore clogging
in all experiments. This is more prevalent when concentration
gradients are created with tethered TNF-α because it is 17× larger
than FITC-PEG-SH. The average concentration profile for all three
hydrogels in individual devices is shown in the ESI in Figure S8†.
To fit experimental data to Equation 5, we hold the initial con-
centration and time of diffusion constant and calculate an effec-
tive diffusivity of 4.94× 10−10 ± 3.04× 10−11 m2

s . This is shown
as the dashed red line in in the ESI in Figure S8† and provided
in Table 2. To check that expected diffusion is happening in our
flow chamber, we use the multiscale diffusion model described by
Equation 3 to calculate the theoretical diffusion coefficient. The
theoretical value we calculate for TNF-α diffusing through our hy-
drogel is DMSDM = 1.57×10−10 m2

sec
70. The effective diffusion coef-

ficient calculated from our experimental data is the same order of
magnitude but slightly faster compared to the theoretical value.
Other work also measures the diffusion of proteins in hydrogels
to be the same order of magnitude but faster than predicted by

Fig. 8 Calibration curve of measured fluorescence intensity in PEG-N
hydrogels with known concentrations of dyed and thiolated TNF-α. Error
bars are the standard deviation between measurements (N = 5).
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Fig. 9 Individual profiles of hydrogels with tethered TNF-α concentration
gradients. The propagation of error from the fit of the calibration curve
is shown as the shaded regions behind the solid red lines and is nearly
undetectable due to the small error.

simulations24. We hypothesize this could be because the multi-
scale diffusion model neglects the charges of the solute and net-
work70. Another possibility is that the hydrogel mesh is estimated
based on the contour length of PEG-norbornene. A larger network
structure would allow TNF-α to move faster through the hydro-
gel. Larger pores are likely due to the low cross-link density and
non-idealities in these network.

Hydrogels with tethered concentration gradients of TNF-α have
different concentrations at the edge of the gel. To show this, nor-
malized concentration is plotted against distance in Figure 10. To
normalize the data we use the following equation

Cnorm =
C (x)−Cmin

Cmax −Cmin
(9)

where Cnorm is the normalized concentration, C (x) is concentra-
tion at a given distance, Cmin is the minimum measured concen-
tration in the device and Cmax is the maximum measured concen-
tration in the device. Figure 10 shows that all three replicates
have a distinct peak in concentration 0.25 cm into the gel. We
hypothesize this peak is a measure of the portion of the gel where
pore clogging occurs. As distance from the source increases the
concentration of TNF-α decreases. Normalized concentration in
each replicate shows that all hydrogels have similar diffusion pro-
files, despite different initial concentrations of TNF-α .

We hypothesize the difference in starting concentrations for
each replicate is caused by a difference in initial concentration
at the edge of the hydrogel, not by geometric differences. Con-
centration normalized by the surface area of the gel and by gel
volume are shown in the ESI in Figures S9† and S10†. Normaliza-
tion by hydrogel size does not collapse the data set, therefore, the
differences in the size of the hydrogel are not causing deviations
in our data between samples. The reason for these deviations
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Fig. 10 Normalized concentration gradients of TNF-α tethered into hy-
drogels. Each line is a single gel.

is the initial concentration at the edge of the gel. This concen-
tration changes because TNF-α is a sequence of 154 amino acids
with different local charges, which is undergoing Brownian mo-
tion in solution. The radius of gyration of TNF-α is very close to
the pore size of the scaffold, as provided in the ESI in Table S2†.
While TNF-α diffuses, it will collide and can possibly aggregate
due to local differences in electrostatic charge. An anti-clumping
agent is not included in the source of our device. Even at a dilute
concentration, it is likely that these molecules can aggregate77.
Due to this, in each replicate, the extent of protein aggregation
or pore clogging of the hydrogel is not the same32. This means
the initial concentration at the edge of the hydrogel can vary and
leads to differences in gradient formation. A similar phenomenon
is shown in FITC-PEG-SH experiments in the ESI as Figure S11†.
This is a material limitation. The advantage of our technique is
we are able to measure the change in the molecular concentration
at the edge of the gel due to pore clogging in each replicate and
the resulting cytokine concentration gradient.

4 Conclusions
This work develops a device that creates hydrogels with teth-
ered concentration gradients of molecules, allowing for isotropic
swelling, facile nutrient diffusion and microscopy. Previous de-
vices restrict scaffold swelling and are not designed to enable
collection of microrheology data. This device enables polymer-
ization of a hydrogel, passive diffusion of a molecule through the
polymerized scaffold and a second polymerization to tether the
molecular concentration gradient into the material. This is done
to maintain rheological properties and only provide a gradient in
chemical cues. Our measurements show that we can covalently
tether FITC-SH-PEG or TNF-α into our hydrogels, forming consis-
tent non-linear concentration gradients. This device is suitable for
future microrheology experiments to characterize cell-material in-
teractions. The device has the potential to be scaled up or down

and only requires standard lab equipment.

The results from this work show that higher concentrations can
occur at the entrance of the hydrogel due to pore clogging, re-
sulting from the similar size of molecules to the network struc-
ture. We first create calibration curves for each molecule used in
this work, FITC-PEG-SH and TNF-α . Calibration curves have a
non-linear relationship between concentration and fluorescence
intensity of fluorescent molecules in hydrogels.

We calculate the effective diffusion coefficients from our mea-
sured concentration gradients of FITC-PEG-SH and TNF-α , which
are 6.8×10−10±1.8×10−11 m2

s and 4.94×10−10 ±2.57×10−11 m2

s ,
respectively. Our FITC-PEG-SH and TNF-α measurements are
the same order of magnitude as values predicted by the multi-
scale diffusion model. This means that the main mechanism of
molecules moving through the hydrogel scaffold to create a con-
centration gradient is diffusion. The proposed technique can be
used to create hydrogels with non-linear concentration gradients
of molecules for a wide variety of applications, including biomed-
ical applications.
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tables and figures. Additional analysis and data is included as part of the ESI. 
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