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Secondary Institutional Marks
Secondary logos are an essential part of an institution’s graphic identity 
system, in that they offer additional options to convey the University’s identity 
in applications that require a different treatment for visual appeal, emphasis 
or differentiation. The following secondary logos are approved for use by 
colleges, departments or units, based on the guidelines established in this 
Style Guide.

The two most commonly used secondary logos are the interlocking UD and 
the circle UD. The interlocking “UD” in both treatments is pulled directly from 
the University’s primary logo, clearly and strongly enforcing the institution’s 
visual brand identity. The interlocking UD should not be used within a 
statement or expression—this logo represents the University of Delaware and 
should be interpreted as such.

A more classic treatment, used less frequently, is the circle UD 1743. This 
version features the interlocking UD with the University’s name and founding 
date appearing in a circle around it. 

The University seal is the most restricted of all secondary logos and is  
not used in daily or routine communications. See the next page for more 
information on use of the seal.

SECTION THREE: IDENTITY SYSTEM

Interlocking UD,
Circle UD

Circle UD 1743

University Seal

Use only for 
engraving, etching or 

foil-stamping.
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Interlocking UD,
Circle UD

Circle UD 1743

University Seal

Use only for 
engraving, etching or 

foil-stamping.
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 reach a USB port on your computer, use 
ension cable that came with your computer.

If the keyboard cable is not long enough to reach a USB por

microscope

ccd camera

acquisition computer 
and analysis software

halogen lamp

arc lamp

monodisperse, µm colloids

polystyrene latex
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Microrheology

3

1µm diameter polystyrene latex particle in water

Measure the motion of colloidal “probe” or “tracer” particles in a material

use motion to determine rheological properties

Mason, T. G. & Weitz, D. A., Phys. Rev. Lett. 74, 1250–1253 (1995).
Gittes, F., et al., Phys. Rev. Lett. 79, 3286–3289 (1997).

Mason, T. G., et al.,  Phys. Rev. Lett. 79, 3282–3285 (1997).
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Jean Perrin, 1908  
Nobel Prize, 1926

4

Furst–Introduction to Microrheology–EU Rheology Course, KU Leuven, September, 2011 11
Colloid size: > 1μm
1 particle at a time
Position sampled every 30s / 500 positions (~ 4h)
2 students to operate

f igu r e  6 . 2 .  Perrin notebook, “Calcul de N,” undated, c. 1909. This trajectory is reproduced in 

fi gure 6.1 (middle), with slight modifi cations in the segment angles and omitting the numbers. Dossier 

Jean Perrin, Archives of the Académie des Sciences, Paris, with permission.

microscope & camera lucida
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Early microrheology
Freundlich, H. and Seifriz, W., Z. Phys. Chem. 104, 233 (1923). 

Seifriz, W., Brit. J. Exp. Biol.  2, 1-11 (1924).
A. Heilbronn. Jahrb. Wiss. Bot. 61, 284–338 (1922).

Electromagnet

Micromanipulator

Microscope

Elasticity of Echinarachnius parma (sand dollar) egg protoplasm, gelatin sols and gels

€ 

∇H

Fe core

coil

Field gradient

i0

18µm Ni particle

5
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Multiple particle tracking

6

1 micron fluorescent spheres in water

 reach a USB port on your computer, use 
ension cable that came with your computer.

If the keyboard cable is not long enough to reach a USB por

microscope

ccd camera

acquisition computer 
and analysis software

halogen lamp

arc lamp

polystyrene microspheres

http://site.physics.georgetown.edu/matlab/
Blair, Dufresne, Weeks, Crocker, Grier
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Random particle trajectory

1 micron fluorescent spheres in water

Mean-squared displacement (MSD)

1700 trajectories
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Mean-squared displacement
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Hydrogel microrheology

Kelly M. Schultza and Eric M. Fursta

Received Xth XXXXXXXXXX 2011, Accepted Xth XXXXXXXXX 2011

First published on the web Xth XXXXXXXXXX 201X

DOI: 10.1039/b000000x

Furst–Introduction to Microrheology–EU Rheology Course, KU Leuven, September, 2011
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Generalized Stokes-Einstein Relation (GSER)

9

(neglecting inertia)
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Hydrogel microrheology
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(neglecting inertia)
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microrheology is a creep experiment
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Derivation of the GSER

11

Ryogo Kubo

Generalized Langevin Equation

Zwanzig, R. & Bixon, M. Phys. Rev. A 2, 2005–2012 (1970).
Gittes, F.,  et al., Phys. Rev. Lett. 79, 3286–3289 (1997).

Mason, T. G., Gang, H. & Weitz, D. A. J. Opt. Soc. Am. 14, 139–149 (1997).
Indei, T., Schieber, J. D., Cordoba, A. & Pilyugina, E. Phys. Rev. E 85, 21504 (2012).

Correspondence Principle

Gittes, F.,  et al., Phys. Rev. Lett. 79, 3286–3289 (1997).
Schieber, J. D., Córdoba, A. & Indei, T. J. Non-Newton. Fluid Mech. 200, 3–8 (2013).

– Newtonian fluid

– elastic solid

– viscoelastic

continuum limit
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Limit: probes in the continuum limit

12

continuum limit satisfied non-continuumcontinuum limit satisfied non-continuumContinuum Non-continuum
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Non-continuum limit

13

continuum limit satisfied non-continuum

a b c

Zwanzig, R. & Bixon, M. Phys. Rev. A 2, 2005–2012 (1970).

Concentrated emulsion

MSD

modulusa b c

Mason, T. G., Gang, H. & Weitz, D. A. 
J. Opt. Soc. Am. 14, 139–149 (1997).

Dense suspensions and glasses

Fuchs, Zia, Brady, Khair, Voigtmann, 
Swan, Bonnecaze, Cloitre…

Mohan, L., Cloitre, M. & Bonnecaze, R. T. J. Rheol. 58, 1465–1482 (2014).
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Probe in equilibrium with surrounding material
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1µm diameter polystyrene latex particle in water

Linear response only!

Hydrogel microrheology

Kelly M. Schultza and Eric M. Fursta

Received Xth XXXXXXXXXX 2011, Accepted Xth XXXXXXXXX 2011

First published on the web Xth XXXXXXXXXX 201X

DOI: 10.1039/b000000x

Furst–Introduction to Microrheology–EU Rheology Course, KU Leuven, September, 2011
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Department of Chemical Engineering and Center for Molecular and En-

gineering Thermodynamics, University of Delaware, 150 Academy Street,

Newark, Delaware 19716, USA. Tel: 1 302 8310102; E-mail: furst@udel.edu

1–1 | 1

Second key constraint

shear thinning, shear thickening, 
yielding, thixotropy, etc.

NO 
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sample

P.-E. Wolf and G. Maret. Phys. Rev. Lett., 55:2696–2699, 1985.
Pine, D., et al. Phys. Rev. Lett. 60, 1134–1137 (1988).

1µm PS probe 
particles, 1 vol%

DWS light scattering

If the keyboard cable is not long enough to reach a USB port on your computer, use 
the keyboard extension cable that came with your computer.
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collimated
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fiber optic

polarizer
dual APD or PMTbeam expander and aperture
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correlator

sample

backscattering

A

B

Laser tracking (LT)

Gittes, F., et al., Phys. Rev. Lett. 79, 3286–3289 (1997).
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Comparison to mechanical rheometry
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Top view 
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Cooling 
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Fast mass and heat exchange

Microfluidic sample processing

Small sample volumes

Josephson, L. L., Galush, W. J. & Furst, E. M. Biomicrofluidics 10, 43503 (2016).

dialysis chamber

temperature
stage

Sato, J. & Breedveld, V., J. Rheol. 50, 1–19 (2006).

High-throughput
Breedveld, V. & Pine, D. J., J. Mat. Sci. 38, 4461–4470 (2003).Schultz, K. M. & Furst, E. M. Lab Chip 11, 3802–3809 (2011).



Key advantages of microrheology

• Small sample volumes — material screening
~10µL typical; as low as ~1µL 
Straightforward experimental methods
Tracking particle motion with video microscopy

• Fast acquisition times (as low as ~10 seconds)
Samples that change with time (i.e. during gelation)

• “Incipient rheology” of gel transitions, intrinsic viscosity
hydrogelation, degradation

• Extended range of frequencies
< 1Hz to MHz

• Local rheological properties-spatial resolution
Information not available to bulk rheology

• In many cases: complementary to mechanical rheology
21
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•Microrheology of gelation & degradation 

•Rheological screening of scarce materials
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Gelation of self-assembling peptides

25

Ozbas, et al. Phys. Rev. Lett., 93:268106, 2004.

Joel P. Schneider et al, JACS 2002, 124, 15030.
D.J. Pochan et al, JACS 2003, 125, 11802.

Unfolded state

Hydrogel

Folded state

Change in pH, ionic 
strength, temp 
(Intramolecular folding)

Self-assembly 
 Hydrogen bonding

 Hydrophobic interactions

Reversible 
ionic strength

pH, etc.

Schneider, J. P. et al. J.  Am. Chem. Soc. 124, 15030–15037 (2002).
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Hydrogel rheology
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T. H. Larsen and E. M. Furst, Phys. Rev. Lett. 100, 146001 (2008).
T. H. Larsen et al. Korea-Aust. Rheol. J., 20:165–173, (2008).



Furst–CMET/Department of Chemical and Biomolecular Engineering, University of Delaware

27University of Delaware      Office of Communications and Marketing      302-831-2791       www.udel.edu/ocm                       Brand Style Guide

Secondary Institutional Marks
Secondary logos are an essential part of an institution’s graphic identity 
system, in that they offer additional options to convey the University’s identity 
in applications that require a different treatment for visual appeal, emphasis 
or differentiation. The following secondary logos are approved for use by 
colleges, departments or units, based on the guidelines established in this 
Style Guide.

The two most commonly used secondary logos are the interlocking UD and 
the circle UD. The interlocking “UD” in both treatments is pulled directly from 
the University’s primary logo, clearly and strongly enforcing the institution’s 
visual brand identity. The interlocking UD should not be used within a 
statement or expression—this logo represents the University of Delaware and 
should be interpreted as such.

A more classic treatment, used less frequently, is the circle UD 1743. This 
version features the interlocking UD with the University’s name and founding 
date appearing in a circle around it. 

The University seal is the most restricted of all secondary logos and is  
not used in daily or routine communications. See the next page for more 
information on use of the seal.

SECTION THREE: IDENTITY SYSTEM

Interlocking UD,
Circle UD

Circle UD 1743

University Seal

Use only for 
engraving, etching or 

foil-stamping.

MSD master curve shift factors

MSD master curves

0.15 wt% HPL17, pH 8.5, T=25oC

T. H. Larsen and E. M. Furst, Phys. Rev. Lett. 100, 146001 (2008).
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MSD gelation time-cure superposition
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Critical scaling of moduli at gel point
Winter and Chambon. J. Rheology, 30:367-382, 1986.
Winter and Chambon. J. Rheology, 31:683-697, 1987.

G(t) = St
−n

G
∗(ω) = SΓ(1 − n)ωn

Relaxation exponent

Self-similar structure 
and mechanical 

response

0.11 ≤ n ≤ 0.92

H. W. Richtering,  et al. Macromolecules, 25:2429–2433, 1992.

n = z/y
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Covalent heparin hydrogels

Maleimide functionalized high 
molecular weight heparin 

(HMWH)

Poly(ethylene glycol)

High molecular weight 
heparin

Radius of gyration Rg

Poly(ethylene glycol)-
(SH)2

(PEG)

Covalent hydrogel network

Yamaguchi et al., J.  Am. Chem. Soc, 129, 3040-3041 (2007).
Yamaguchi et al., Biomacromolecules, 6, 1931-1940 (2006).

Yamaguchi & Kiick, Biomacromolecules, 6, 1921-1930 (2005).

1. MHWM functionality
2. Fraction HMWH
3. PEG molecular weight
4. Total concentration

Composition space

SHHS

34



Furst–Department of Chemical and Biomolecular Engineering, University of Delaware

27University of Delaware      Office of Communications and Marketing      302-831-2791       www.udel.edu/ocm                       Brand Style Guide

Secondary Institutional Marks
Secondary logos are an essential part of an institution’s graphic identity 
system, in that they offer additional options to convey the University’s identity 
in applications that require a different treatment for visual appeal, emphasis 
or differentiation. The following secondary logos are approved for use by 
colleges, departments or units, based on the guidelines established in this 
Style Guide.

The two most commonly used secondary logos are the interlocking UD and 
the circle UD. The interlocking “UD” in both treatments is pulled directly from 
the University’s primary logo, clearly and strongly enforcing the institution’s 
visual brand identity. The interlocking UD should not be used within a 
statement or expression—this logo represents the University of Delaware and 
should be interpreted as such.

A more classic treatment, used less frequently, is the circle UD 1743. This 
version features the interlocking UD with the University’s name and founding 
date appearing in a circle around it. 

The University seal is the most restricted of all secondary logos and is  
not used in daily or routine communications. See the next page for more 
information on use of the seal.

SECTION THREE: IDENTITY SYSTEM

Interlocking UD,
Circle UD

Circle UD 1743

University Seal

Use only for 
engraving, etching or 

foil-stamping.

MSD slope

Gelation state diagram

73 Samples measured in approximately 1 day

Gel

Liquid

f = 6f = 4

f = 8 f = 11

K. M. Schultz, et al. Soft Matter, 5:740–742, 2009.
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“Hydrogel materialome”
219 rheological measurements

K. M. Schultz et al., Macromolecules, 42:5310–5316, 2009.
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Monoclonal antibodies (mAbs)

38

Aggarwal, Nature Biotech. 32, 2014

Fab

Fc
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previously untreated chronic lymphocytic 
leukemia and is also the first drug with break-
through therapy designation to receive FDA 
approval

The Swiss drugmaker’s Perjeta targets the 
extracellular dimerization domain (subdo-
main II) of HER2, and, thereby, blocks ligand-
dependent heterodimerization of HER2 with 
other HER family members, including epi-
dermal growth factor receptor (EGFR), HER3 
and HER4. Perjeta was approved by the FDA 
in June 2012 for the treatment of patients with 
advanced or late-stage (metastatic) HER2-
positive breast cancer. In September 2013, 
Perjeta received accelerated approval for 
another new indication, making it the first 
FDA-approved presurgical breast cancer drug. 
Roche also received an approval for Kadlyca, 
which is the first antibody-drug conjugate for 
advanced HER2-positive metastatic breast 
cancer.

With three mAbs for breast cancer, Roche 
is now covering the full spectrum of the treat-
ment, from neoadjuvant with Perjeta, first- and 
second-line metastatic cancer with Herceptin, 
and heavily treated patients with Kadlyca. 
Long term, as Herceptin biosimilars reach 
the market, Roche is likely to pursue develop-
ment of Perjeta and Kadlyca, as monotherapy 
and combination treatment, aiming to replace 
Herceptin.

Roche’s Gazyva is the first glycoengineered, 
type 2 anti-CD20 humanized mAb on the 
market. It is indicated to treat patients with 

lymphoma and relapsed refractory systemic 
anaplastic large-cell lymphoma (ALCL). 
Adcetris impressed with response rates of 73% 
in Hodgkin’s lymphoma and 86% in ALCL, and 
as expected, it is currently used in a majority 
of the indicated patients. As a CD30 targeted 
therapy, indication expansions are likely to 
drive higher sales of Adcetris.

Another newcomer whose sales have grown 
by a triple-digit rate is Human Genome 
Sciences/GSK’s (London) anti-B lympho-
cyte stimulator human mAb Benlysta (beli-
mumab). Benlysta sales increased from $52 
million in 2011 to $105 million in 2012. The 
doubling of Benlysta sales was driven by a 
new marketing campaign by GSK. In 2012, 
GSK acquired Human Genome Sciences, 
which had co-developed Benlysta. Although 
the sales have doubled, it is still much slower 
than investor projections of peak sales of $1.4 
billion. Benlysta is the first treatment to be 
approved for systemic lupus erythematosus. 
GSK is also testing Benlysta for remission of 
vasculitis.

Among the newest mAbs to enter the 
market in 2012–2013 were GSK’s Abthrax, 
Roche’s Perjeta, Gazyva and Kadlyca, as well 
as Navidea’s Lymphoseek. Abthrax neutralizes 
toxins produced by Bacillus anthracis and is the 
first mAb FDA approved for an antibacterial 
indication13; one could also argue it is the first 
mAb approved without the aim of attaining a 
sizable patient market!

Figure 3  Top companies with the majority of sales of biologic drugs in 2012. (a) Fraction of total 
biotech sales of the top ten companies. (b) Annual growth rates of the top ten companies. Red boxes 
indicate companies whose biologics sales growth was >10%. For the purpose of this analysis, Rituxan 
US sales have been split equally between Genentech and Biogen Idec; Erbitux US sales were split 
40/60 between Lilly and BMS. J&J, Johnson & Johnson.
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mAb biologics upstream development bottleneck

40

He et al., Pharm. Res. 28(7), 1552-1560, 2011
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Yadav et al., J. Pharm. Sci. 99(12), 4812-4829, 2010

He et al., J. Pharm. Sci. 100(4), 1330-1340, 2010
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Sophisticated, robust, and economical instruments
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Macosko, C. W. Joe Starita: Father of modern rheometry. Rheol. Bulletin 79, 11 (2010).

“Unfortunately, except for the Rheogoniometer, 
such equipment is not yet commercially available, 
although it is expected that some enterprising 
company will manufacture this kind of apparatus 
shortly.”  

– Van Wazer,  et al. (1963). Viscosity and Flow 
Measurement: A Laboratory Handbook of Rheology. 
Interscience, New York. 

DLS and DWS microrheology
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environments
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Rheology at 30,000 psi 

See Kimberly Dennis, 
poster # P08

35ºC

45ºC

70ºCincreasing pressure

PEO-PPO-PEO triblock copolymer 
solutions to 207MPa

Kloxin, C. J. & van Zanten, J. H. 
Macromolelcules 43, 2084–2087 (2010).
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