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Mitotic chromosomes are specialised packets of condensed ge-
netic material with dynamic mechanical properties. Each chro-
mosome is coated by a sheath of proteins and RNA, called the
mitotic chromosome periphery (MCP). The MCP is widely con-
sidered as an essential chromosome compartment where its mul-
tiple functions bestow material properties important for suc-
cessful cell division. However, the details of the micromechan-
ical properties of mitotic chromosomes, and specifically if and
how the MCP contributes to these features, remain poorly un-
derstood. In this study, we present the most comprehensive
characterisation of single-chromosome mechanics to date span-
ning a broadband frequency range, using optical tweezers and
a novel microrheology technique. We extend this analysis to
the first direct measurements of MCP micromechanics by ma-
nipulating levels of Ki-67, the chief organiser of this compart-
ment, and apply a rheological model to isolate its contribu-
tion to chromosome dynamics. We report that the MCP gov-
erns high-frequency self-reorganisation dynamics and acts as a
structural constraint, providing force-damping properties that
mitigate mitotic stress. This work significantly advances our un-
derstanding of chromosome micromechanics and how the MCP
contributes to the fundamental properties of chromosomes.
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Main Text
Chromosomes have intriguing biophysical properties that
have been difficult to define despite decades of intense re-
search. Reports on chromosome mechanics vary widely de-
pending on the experimental technique used (1, 2). This vari-
ability partly arises from the temporally complex and intrin-
sically dynamic properties of chromosomes. Depending on
the timeframe of the observation window, chromosomes can
be described as free polymers diffusing in a viscous nucleo-
plasm during interphase (3, 4) that then transition to a gel-like
(5, 6) state during mitosis. The complex biophysical proper-
ties of chromosomes (7), including their emergent behaviours
such as condensation, congression and segregation, are influ-
enced by their heterogeneous composition and interactions
between the chromatin fibre, proteins, and RNA. While the
contribution of some classes of proteins like the structural
maintenance of chromosomes (SMC) protein complexes to
chromosome mechanics have been well studied (8, 9), the
involvement of other chromatin interacting biomolecules re-

main unclear, or in the case of the mitotic chromosome pe-
riphery (MCP), are completely unexplored.
The MCP is a collection of proteins and RNA that redis-
tributes from the disassembled nucleolus to the surface of
condensed chromosomes at the onset of mitosis (10–12) and
appears to confer biophysical properties to chromosomes,
crucial for successful cell division. Chromosomes depleted
of the protein Ki-67, the chief organiser of the MCP (13), lack
the periphery compartment of over 65 proteins and RNAs
(14, 15) and become ‘sticky’ and aggregated (13, 16, 17).
Additionally, the MCP appears to be multifunctional, with
further roles reported in; promoting chromosome clustering
during late mitosis (18, 19), the symmetrical distribution of
nucleolar material between daughter cells (13), the mainte-
nance of chromosome architecture, either directly (20) or via
organisation of its epigenetic landscape (21), and finally as a
protector against DNA damage (22). It has been suggested
that some of these functions may be driven by Ki-67 modu-
lating phase separation in chromosomes to keep them “in-
dividualised”, ready for segregation (16, 23). Despite the
broad range of critical functions attributed to this chromo-
some compartment, its biophysical properties have yet to be
directly tested. To address this gap, we used optical tweez-
ers to perform the first direct measurements of the molecular
biophysics of the MCP at the single-chromosome level.
Our single-chromosome analysis toolkit includes a stable
custom CRISPR-generated Ki-67-mEmerald cell line, en-
abling direct observation and quantification of Ki-67 on in-
dividual human chromosomes. We exploited Ki-67’s role as
the chief organiser, to modulate MCP chromosome enrich-
ment, by: 1) using Ki-67 specific siRNA to deplete the MCP
and 2) transiently transfecting cells with a custom-designed
plasmid gRNA vector as part of a CRISPR Activation system,
to increase Ki-67 expression, and therefore enhance MCP re-
cruitment (Figure 1ai and aii, Extended Figure S1 and see
methods for details). Chromosomes with wild-type (WT) or
altered MCP load (knockdown ‘KD’ or overexpressed ‘OE’)
were then isolated from Ki-67-mEmerald cells for single-
chromosome analysis using an optical tweezers instrument
(C-Trap, LUMICKS) with two independently controlled op-
tical traps, integrated with microfluidics and fluorescence mi-
croscopy.
Individual chromosomes were captured between optically
trapped pairs of polystyrene bead handles using biotin-
streptavidin interactions in a dumbbell configuration (Fig-
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Fig. 1. Chromosome mechanics are rate dependent. ai. Examples of Bright-field and Fluorescence HILO images of OE, WT and KD chromosomes in dumbbell
configuration. Scale bar = 2 µm. aii. Schematic of MCP load with Ki-67 expression. b. Schematic of the force-extension experiments where one optical trap is displaced while
the other is kept stationary, to apply stretching forces at a known speed. Fluorescence intensities of chromosomes were analysed to quantify MCP load. Individual examples
of force-extension experiments at either 0.02 µm/s (bi) or 0.2 µm/s rate (bii). showing linear and non-linear behaviour respectively. c. Occurrence of linear and non-linear
mechanical response with different force-loading rates in WT chromosomes. d. Stretch modulus was acquired from chromosomes showing linear behaviour at force-extension
of 0.02 µm/s. e. Stiffening exponent γ from chromosomes showing non-linear behaviour at force-extension of 0.2 µm/s compared to γ values for the Worm-like Chain (WLC)
and Hierarchical Worm-Like Chain (HWLC) models. Comparisons to WT (Kruskal-Wallis test), significance values: **p = 0.001

ure 1ai and b, Methods). A stretching force was applied to
each chromosome, by moving the position of one of the laser
beams generating the traps which linearly displaced one of
the bead handles. Each optical trap functions as a highly sen-
sitive force transducer for small displacements (24), enabling
the measurement of picoNewton forces by tracking the dis-
placement of the bead handles relative to the respective opti-
cal trap centre, i.e., laser beam focus.

Chromosomes respond differently to different rates and
levels of deformation (1, 5, 25) with predominantly linear
spring-like behaviour when stretched slowly (<0.1 µm/s) or
non-linear behaviour in most cases when probed at faster
rates (Figure 1bi, bii and c). At a force loading-rate of 0.02
µm/s, mechanical equilibrium is seen in most chromosomes,
resulting in a linear increase in force required to stretch the
chromosome greater distances (2). For a linear relationship
between force and the relative extension of the chromosome,
the slope of the graph (e.g. Figure 1bi) defines the stretch
modulus ‘S’, also referred to as the doubling force (8, 26).
This parameter is analogous to Young’s modulus but does
not assume material homogeneity. S remains unchanged with
varying MCP levels (Figure 1d), suggesting the MCP does
not influence the elasticity of the mechanically equilibrated
mitotic chromosome over long time scales.

At a faster stretching rate of 0.2 µm/s, the force-extension

relationship bears a non-linear form in a majority of tested
chromosomes (Figure 1bii and c). Such non-linear stiffening
can be attributed to the chromosome network microstructure
and force transmission through cross-links (28). This stiffen-
ing ‘κ’ bears a power-law relationship with force ’F ’, where
κ = aF γ (27). In WT chromosomes the exponent ‘γ’ was
0.88 [0.78 0.98] (mean ± 95% confidence intervals) which is
in agreement with literature (27) and lower than the γ value of
3/2 attributed to the worm-like chain model used to describe
the mechanics of double stranded DNA (27, 29, 30). This
decreased stiffening rate has been explained using a Hierar-
chical Worm-Like Chain (HWLC) model (27) which postu-
lates chromosomes to be hierarchical assemblies of elements
with distinct mechanical properties, each acting as a flexi-
ble worm-like chain. The γ value drops to 0.56 [0.46 0.66]
with the loss of the MCP (Figure 1e; Kruskal-Wallis test with
multiple comparisons, WT vs KD p = 0.001). This lower γ
value suggests a disruption or loss of structural elements that
contribute to force transmission and the sequential stiffening
response with increasing force. However, γ did not signif-
icantly change for OE chromosomes (1 [0.9 1.2]; Kruskal-
Wallis test with multiple comparisons, WT vs OE p = 0.43)
indicating no discernible change to the hierarchical organi-
sation of the chromosome in this case. Individual chromo-
somes from all treatments exhibited consistent mechanical
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Fig. 2. Broadband microrheology of chromosomes. a. Schematic of microrheology experimental procedure. Dashed lines represent trajectory at force-loading rate of 0.2
µm/s and solid lines for 100 µm/s. Data in purple were analysed to provide broadband mechanical response. b. Schematic representation of tweezer and chromosomes
positions from (a.) c. Opposing forces experienced by both beads (one shown) in the non-equilibrium state. d. Zoomed-in sub-region of the analysed force and chromosome
extension data e. Complex stiffness κ∗(ω) with frequency (bottom axis in black) and lag time 1/ω (top axis in green) from broadband microrheology (BM) of WT chromosomes
at 100 µm/s (median and 95% CI) highlighting regions of viscous reorganisation and gel-like behaviour. Data in blue are the viscous modulus κ′′(ω) and in red are the
elastic modulusκ′(ω) f. κ∗(ω) at 0.2 µm/s force-loading rate (median and 95% CI) of WT chromosomes overlaid with oscillatory microrheology (OM) data from Meijering et
al., (2022) (27).

behaviour with repeated extensions for forces of up to 150
pN, as with previously reported findings (27, 31).

The HWLC model assumes that chromosomes exhibit a pre-
dominantly elastic response to stress (27), which contrasts
with prior reports of viscous relaxation in chromosomes
at force-extension rates of 100 µm/s (25). These results,
when considered in isolation, highlight the limitations of dis-
crete single-frequency measurements in accurately capturing
the dynamic, time-dependent mechanical properties of chro-
mosomes and the complex contributions of their associated
structures such as the MCP.

This prompted us to develop a novel broadband microrhe-
ology approach for single chromosomes. While micro-
manipulation tools such as optical tweezers and magnetic
tweezers have been used to study interphase chromosomes
(3, 32, 33), their potential for broadband characterization of
mitotic chromosome dynamics remains underexplored. We
have developed a bespoke optical trapping-based stretch-
strain method, inspired by a similar approach used for mi-
crorheology of cells (34), to extract the mechanics of indi-
vidual mitotic chromosomes across a broad frequency range.
The complex stiffness κ∗(ω) derived from this method pro-
vides information about the chromosome’s viscoelastic prop-
erties. It is defined as the ratio of the Fourier transforms of
force F (t), measured as the picoNewton force exerted by

both optical traps on the chromosome with time, and strain
ϵ(t), the relative extension of the chromosome in nanometres
over time. κ∗(ω) is a complex number with real and imagi-
nary parts that describe the elastic κ′(ω) and viscous κ′′(ω)
components of the chromosome mechanical response.

Using the chromosome dumbbell configuration, chromo-
somes were stretched by displacing the position of one of
the two optical traps a fixed distance of 1 µm, at a rate of
100 µm/s (Figure 2a-b). This force-loading phase was fol-
lowed by a dwell period of 2 minutes, during which the po-
sitions of both optical traps were held constant. During the
dwell period, the chromosome continued to extend under the
applied trapping force, changing the relative position of the
bead handles with respect to the centres of the optical traps,
which equated to a changing force acting on both beads (Fig-
ure 2c). Force acquisition at high frequency (2.5 MHz) was
extracted during the dwell period (Figure 2d) and provided
continuous broadband viscoelastic data over seven decades
of frequencies (10−2 −105 rad/s) from single chromosomes.
This approach far surpasses oscillatory microrheology meth-
ods (27, 35) which derive mechanical properties at discrete
frequencies only. Our data reveal a fluid-like behaviour at
high frequencies (101 − 103 rad/s) following deformation in
all tested WT chromosomes (Figure 2e). This fluid-like re-
sponse likely reflects energy lost to the system from internal
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friction, probably as a result of the reorganisation of the chro-
mosome network. At lower frequencies, after a characteris-
tic time of approximately 100 ms, the chromosomes equili-
brate to a gel-like state dominated by elasticity, with mini-
mal changes in viscoelasticity observed across nearly three
decades of frequency.

Measurements were also recorded at a slower force-loading
rate of 0.2 µm/s to investigate the influence of loading rate
on microrheology on WT chromosomes (Figure 2f). At this
reduced loading rate, the reorganisation within the chromo-
some network occurred faster than the applied strain, result-
ing in the absence of detectable self-reorganisation dynamics
at short timescales. Instead, the measurements revealed a pre-
dominantly gel-like response throughout the entire duration
of the experiment. Notably, our complex stiffness κ∗(ω) val-
ues agree well with previously reported oscillatory microrhe-
ology measurements of chromosomes (27) over four decades
of frequency (Figure 2f). At intermediate frequencies (≃100
rad/s), oscillatory measurements show a similar trend in the
viscous modulus κ′′(ω) to our 100 µm/s measurements. This
suggests that the brief cross-over between the κ′′(ω) and
κ′(ω), where viscous self-reorganization processes domi-
nate, might have been captured if oscillatory measurements
were continued at higher frequencies than those reported (27)
(Figure 2f). These results highlight the need for applying
fast force-loading rates and a broadband approach to effec-
tively capture the full spectrum of chromosome molecular
biophysics, enabling the study of MCP mechanics in previ-
ously unattainable detail.

Altering MCP levels changes the chromosome viscoelas-
tic response recorded using our broadband microrheology
method with a fast force-loading rate of 100 µm/s (Figure 3a-
b and Figure 2e). The ratio of viscous κ′′(ω) to elastic κ′(ω)
components of the chromosome’s mechanical response de-
fines the loss tangent tanδ, which provides insight into the
force damping or energy dissipation potential of the chromo-
some. Regardless of MCP status, tanδ values for all chromo-
somes peak at relatively high frequencies (102 − 103 rad/s),
where energy dissipation is at maximum due to molecular re-
organisation, before reaching a minimum where the chromo-
some equilibrates to an elastic gel state (Figure 3c). WT chro-
mosomes exhibit a tanδ peak value of 2.7 [1.2 5.4; 95%CI].
KD chromosomes show a distinct absence of crossover be-
tween κ′′(ω) and κ′(ω) and consequently, their tanδ val-
ues remain below 1, peaking at 0.6 [0.4 0.7; 95% CI], indi-
cating a consistent predominantly elastic material with low
energy dissipation potential. Higher force damping in the
presence of the MCP provides a possible mechanistic expla-
nation for its damage mitigation properties noted previously
(22). In contrast, OE chromosomes varied in their response
with some exhibiting behaviour similar to WT chromosomes,
while others displayed more KD-like behaviour, with overall
tanδ peak values of 0.5 [0.4 1.6; 95% CI] (Figure 3d). The
characteristic time (defined as the inverse of the character-
istic frequency) when tanδ values peak differs significantly
between WT, KD, and OE chromosomes. Most WT chromo-
somes reach their peak at 10 ms (±1 ms) post-deformation,

while KD chromosomes peak earlier at 4 ms (±1 ms). OE
chromosomes alternate between these two peak times, with
60% peaking at 4 ms. Additionally, all WT and OE tanδ
data also show a smaller peak at 4 ms (where not dominant)
(Figure 3c), suggesting the presence of two distinct molecu-
lar mechanisms driving chromosome relaxation. Consistent
with this, the tanδ minima for the different conditions were
also divergent, with WT chromosomes exhibiting a minimum
at 1.5 s (±1 s), KD chromosomes relaxing significantly earlier
at 0.2 s (±0.08 s), and OE chromosomes displaying an inter-
mediate relaxation minimum at 0.8 s (±0.5 s). These results
collectively indicate MCP-dependent reorganisation mecha-
nisms, which are absent in KD chromosomes lacking the
MCP. Furthermore, reorganisation appears to be suppressed
in OE chromosomes, suggesting that an optimal MCP load is
required for normal mechanical behaviour.

The MCP is enriched in proteins with intrinsically disor-
dered domains (14). Ki-67 and NPM1 are notable examples
(23, 36) where the disordered domain has been shown to pos-
sess patterned charge distributions (36) that enable promis-
cuous interactions with other proteins and RNA (14, 37).
Indeed, unbinding of transient cross-links from electrostatic
or van der Waals interactions have been shown to produce
pronounced maxima in viscous dissipation at frequencies of
10−2 − 102 Hz in actin networks (38) and could explain
the MCP dependent relaxation dynamics seen in our data.
Furthermore, in Ki-67 OE chromosomes with an enriched
MCP (Extended Figure S1), an increase in charged domains
could alter their viscoelastic properties through electrostatic
or steric repulsion to create excluded volumes and reduce
molecular flexibility, resulting in gel-like instead of fluid-
like behaviour (39). MCP independent reorganisation on the
other hand, seen at earlier characteristic times and which
appears to be the main relaxation mechanism in KD chro-
mosomes, has been linked to SMC activity (6). The SMC
arms in the condensin holocomplex have been reported to
be flexible and able to change conformation in millisecond
time scales (40), in good agreement with our data (Figure
3c). Other structural proteins such as TopIIα and Kif4A are
also potential candidates involved in this reorganisation and
will need to be tested in future studies.

Finally, we sought to fit a rheological model to parameter-
ize our broadband experimental data and further isolate
the contribution of the MCP to chromosome mechanical be-
haviour. The Burgers model, previously used to describe the
linear viscoelastic properties of nuclei in intact cells (41) and
multicellular spheroids (42), was used to interpret chromo-
some dynamics for the first time (Figure 4a-b). This four-
element model consists of two elastic κ1 and κ2 and two
viscous damping terms η1 and η2. κ1 and κ2 describe the
plateaus in elastic modulus κ′(ω) at low and high frequen-
cies respectively, while η1 in combination with κ1 and κ2
characterises the transition in viscoelasticity at intermedi-
ate frequencies. η2 corresponds to the viscosity of the sys-
tem at long timescales (i.e., low frequencies). Our model
fitting indicates that KD chromosomes exhibit reduced κ2
(Kruskal-Wallis test with multiple comparisons, WT vs KD
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Fig. 3. Chromosomes show distinct relaxation dynamics in the presence and absence of the MCP. a. Complex stiffness κ∗(ω) of KD chromosomes and b. OE
chromosomes compared to WT chromosomes in Figure 2e. c. tanδ values for the three conditions (mean ± 95% CI). Blue line represents a tanδ value of 1 and values
higher than this indicate viscosity is greater than elasticity. Inverted triangles highlight peak reorganisation times with different positions for unaltered and both KD and OE
chromosomes. Dashed vertical lines with coloured regions show mean ± 95% CI of time at relaxation minimum. d. Maximum value of tanδ for individual chromosomes e.
tanδ value at 10 ms (position of WT peak) for individual chromosomes and f. tanδ minimum after relaxation highlighted by the vertical dashed lines in c. Comparisons to
WT (Kruskal-Wallis test), significance values: *p < 0.05, **p < 0.001, ***p < 0.0001

p = 0.002) and η2 values (Kruskal-Wallis test with multiple
comparisons, WT vs KD p = 0.02) compared to WT chromo-
somes, while showing similarities to OE chromosomes. Fur-
thermore, while κ1 and η1 remain unchanged regardless of
MCP status, the ratio between these two parameters is signif-
icantly shifted in KD chromosomes (Kruskal-Wallis test with
multiple comparisons, WT vs KD p = 0.001), pointing to dif-
ferences in relaxation processes at intermediate frequencies,
probably associated with conformational changes and tran-
sient cross-linking. Similarly, the ratio between η2 and κ1,
relating to viscoelastic behaviour at low frequencies likely
driven by large-scale protein interactions, shows significant
change in KD chromosomes (Kruskal-Wallis test with multi-
ple comparisons, WT vs KD p = 0.02). The elastic parame-
ters extracted from the model align with our single-frequency
force-extension experiments, which reveal a lower relative
change in stiffness in KD chromosomes (Figure 4e and 1e;
Kruskal-Wallis with multiple comparisons of relative κ from
model fitting, WT vs KD p = 0.0004), but no statistically sig-
nificant differences with MCP status in elasticity at low fre-
quencies (Figure 4c and 1d). The Burgers model can be in-
terpreted as a combination of a Kelvin-Voigt solid, expressed
by κ1 and η1, likely reflecting the contribution of the chro-
mosome as a whole, and a Maxwell liquid, represented by
κ2 (instantaneous response) and η2 (long time viscous flow),
which may capture the contribution of the MCP coat among

other chromosomal elements (Figure 4f). Notably, although
Ki-67 and the MCP have often been described as exhibiting
‘liquid-like’ properties (18, 23, 36), our data represents the
first direct measurements of these properties.

The chromosome periphery has been shown to be self-
supporting, retaining its structure even after DNA and RNA
digestion (43). While removing the MCP by silencing Ki-67
expression does not prevent chromosome condensation, its
disruption at a later stage of mitosis results in distorted chro-
mosomes (20). The precise nature of linkages that maintain
the MCP compartment remains unclear, however, it has been
shown to function independently of TopoIIα and condensins
(20). Our data provide the first direct evidence of the influ-
ence of the MCP on stiffening behaviour of individual chro-
mosomes, as further support for a periphery-based structural
constraint on the chromosome. Transient cross-links driven
by charged interactions with intrinsically disordered proteins
like Ki-67 may explain the dynamic, ‘fluid’ nature of this
network. Such interactions have recently been shown to in-
fluence chromosome fluidity by altering contour length (35).
However, a Ki-67-driven structural constraint has previously
been dismissed in favour of nucleosome-nucleosome interac-
tions at the chromosome periphery (44). These nucleosome
interactions, however, do not fully account for our findings,
which highlight a distinct MCP-driven chromosome relax-
ation process, warranting further investigation.
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Fig. 4. Chromosome mechanical behaviour explained using the Burgers model. a. Burgers model fit to experimental data of individual WT chromosomes with inset
four-element spring-dashpot diagram. b. Model fits to average WT, KD and OE data. c-d Comparisons of parameters extracted by fitting experimental data to the Burgers
model individually. e. Ratios of fit parameters. f, Schematic of a chromosome to show gel-like properties are associated with the whole chromosome while the MCP behaves
like a liquid. For c, d and e) comparisons to WT (Kruskal-Wallis test), significance values: *p < 0.05, **p < 0.001

In summary, this study highlights the importance of broad-
band analysis for capturing the time-dependent dynamics of
chromosomes. Our data reveal a timeline of dynamic me-
chanical events following chromosome stretching, spanning
timescales from tens of microseconds to minutes, and elu-
cidate the direct role of the MCP in regulating chromosome
fluidity and structural integrity. Increased Ki-67 expression
is a hallmark of cancer progression and there is strong inter-
est in using this protein as a therapeutic target (45–47) paving
a translational path for our findings. Furthermore, temporal
mapping of mechanical responses provides a foundation for
exploring the role of charged interactions in chromosomes
and more broadly, the biophysics of phase separation, another
emerging therapeutic target (48). Finally, broadband rheol-
ogy of single chromosomes opens avenues for investigating
the contributions of other chromosome associated structures,
many of which are still poorly defined.

Methods
Generation of a HeLa Ki-67-mEmerald cell line.
DNA oligonucleotides (Forward 5’ ACATGGACATGAGC-
CCCCTG 3’, Reverse 5’ GATAGTTCTGGGGCCTCAGG
3’) used for gRNA synthesis were designed using the
Benchling CRISPR gRNA Design Tool available at
(www.benchling.com, accessed on 15 May 2022) and
ordered through Sigma. gRNA was annealed to-
gether and cloned into the Bbs1 restriction site of

the pX330-U6-Chimeric_BB-CBh-hSpCAas9-hGem
(1/110) vector (Addgene #71707) before transformation into
NEB® 5-alpha Competent E. coli (New England Biolabs, Ip-
swich, Massachusetts, USA). DNA was prepared from sin-
gle colonies before sequence verification using an Applied
Biosystems™ (Waltham, Massachusetts, USA) 3130xl ge-
netic analyser. Homology-directed repair (HDR) plasmids
designed to introduce mEmerald to the C-terminus of MKI67
were synthesised using a pUC18 backbone and ordered from
GenScript (Piscataway, NJ, USA). The plasmids also in-
cluded a puromycin resistance cassette to facilitate efficient
positive selection of transfected cells, as well as a T2A se-
quence to separate the puromycin-resistant protein from the
mEmerald-fused Ki-67 protein. HeLa cells were nucleo-
fected with the HDR plasmid and the gRNA cas9 plasmid
and allowed to recover for 3 days before selection with G418
for 7 days. Cells were then treated with puromycin (Fisher
Scientific) for 3 days and single cell sorted into ninety-six
well plates. Clones were screened by PCR genotyping.

Overexpression Construct. A gRNA sequence targeting
the MKI67 gene was cloned into a CRISPRa plasmid (Ad-
dgene #175572) containing an inactivated CRISPR/Cas9 fu-
sion protein with the VPR transcriptional activation domain,
and mCherry as a fluorescent reporter.

Tissue culture and transfection. The Ki-67-mEmerald
cell line was maintained in DMEM supplemented with 10%
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fetal bovine serum (FBS) and 1% antibiotics (penicillin-
streptomycin) at 37°C in 5% CO2 and was regularly tested
for mycoplasma contamination. To knock out Ki-67, the Ki-
67-mEmerald cell line was transiently transfected with 0.8 µg
siRNA (Ki-5 in 13) per mL of growth media using Lipofec-
tamine RNAiMax (Invitrogen) according to manufacturer’s
instructions and analysed after 72 hours. Ki-67 was tran-
siently overexpressed in the Ki-67-mEmerald cell line with
0.8 µg of the overexpression construct per mL of growth me-
dia using jetPRIME (VWR, Lutterworth, Leicestershire, UK)
transfection reagent (PolyPlus).

Chromosome isolation. Ki-67-mEmerald cells were
grown to exponential growth phase in T125 flasks before
transfection for 72 hours to knock out or overexpress Ki-67.
Growth media was supplemented with biotin (50 mM) 24
hours before chromosome isolation using a protocol similar
to previously described (27). Briefly, cells were arrested with
Nocadazole (100 ng/mL) treatment for 14 hours to enrich for
mitosis. Arrested cells were collected by mitotic shake-off,
centrifuged at 300g for 5 min and incubated in a swelling
buffer (10 mL of 75 mM KCl and 5 mM Tris-HCl, pH 8.0
for 107 cells) for 30 min at 37 °C. The swollen cells were
then centrifuged at 4 °C and re-suspended in 8 mL of cold
polyamine (PA) buffer (15 mM Tris-HCl (pH 8.0), 2 mM
EDTA, 0.5 mM EGTA, 80 mM KCl, 20 mM NaCl, 0.5 mM
spermidine, 0.2 mM spermine and 0.2% Tween-20) before
mechanically breaking in the presence of protease inhibitors
(Pierce) and phosphatase inhibitors (PhosSTOP, Roche) in a
15 mL dounce homogeniser (Kimble) with 40 strokes of a
tight pestle on ice. The homogenised suspension was cleared
of debris three times before glycerol gradient fractionation (2
mL each of 60% and 30% glycerol in PA) by centrifugation
at 1750g for 30 min at 4 °C. Isolated chromosomes were
collected from the 60% glycerol fraction. Chromosomes
were stored in 60% glycerol at -20 °C and used within three
months of isolation.

Chromosome micromanipulations. A C-trap Edge-450
(LUMICKS) instrument at the University of Nottingham and
another at the University of Kent were used to analyse chro-
mosome dynamics. This instrument combines optical tweez-
ers (up to 4 optical traps) and microfluidics with multi-
channel laminar flow which allowed for the incremental as-
sembly of the experimental unit (Extended Figure S2). The
instrument was used in the dual-trap mode with a 50% split of
laser power between the two optical traps. A pair of strepta-
vidin coated polystyrene beads (3 µm diameter, Bangs Labo-
ratories) were optically trapped in the first microfluidic chan-
nel with the two optical traps. Trap stiffness was calibrated
for every new bead pair in the absence of fluid flow and was
0.5 ± 0.03 pN/nm at each bead. The trapped bead pair was
then moved across to the channel flowing chromosomes sus-
pended in PA buffer (channel 2) to capture a single biotiny-
lated chromosome first by binding to one bead. The fluid
flow oriented the attached chromosome such that a free end
was available for the second bead to be brought into contact
with it to form a dumbbell unit. Chromosome attachment

was biased along the telometric ends due to the orientation
of the chromosomes within the fluid flow. Non-biotinylated
chromosomes did not attach to the beads. Experimental ma-
nipulations were performed using this dumbbell configura-
tion aligned along the X-axis of the C-trap imaging system,
in a third microfluidic channel containing only PA buffer as
detailed in the sections below.
Fluorescence images were simultaneously acquired during
experiments using HILO (pseudo TIRF) microscopy on the
C-trap. Intensities of individual chromosomes (see image
analysis section) were used to exclude chromosomes from
untransfected cells within each treatment group. Only chro-
mosomes between 2-5 µm in length were analysed to ensure
single chromosomes with telomeric attachment were being
tested. Analysis was performed in MATLAB 2022b (Math-
Works) using custom scripts.

Force-extension experiments. Single frequency force-
extension experiments (Figure 1) involved keeping one opti-
cal trap in the dumbbell unit stationary while linearly displac-
ing the second trap position along the X-axis at a fixed rate
of 0.02 µm/s to measure linear elasticity and 0.2 µm/s to ex-
amine chromosome non-linear stiffening behaviour using the
inbuilt force spectroscopy module in Bluelake (LUMICKS)
which removed subjectivity during chromosome manipula-
tion. Chromosome response to stretching is variable (Figure
1c) so only chromosomes showing linear behaviour at 0.02
µm/s and non-linear behaviour at 0.2 µm/s were analysed.
In each case, the optical trap was continuously displaced un-
til the resistance from the chromosome was greater than that
could be overcome by the optical trapping force, resulting in
one or both beads leaving the optical trap.
The stretch modulus S was computed as the slope of force
against normalised chromosome extension, (L(t)−L0)/L0 ,
where L(t) is the length of the chromosome at the given time
and L0 is its initial untangled length before any extension was
registered as an increase in force. Non-linear stiffening anal-
ysis was performed as described previously (27). In brief,
data were smoothed using a moving average function with
a window size 1/15 of the data points in the measurement.
Stiffening exponent γ was computed by fitting an exponen-
tial function of the form

κ = aF γ (1)

to the numerical gradient κ of the force-extension curve
against force F .

Microrheology. A new broadband microrheology technique
was developed to analyse the time-dependent response of sin-
gle chromosomes to a stretching force (Figure 2). At the start
of the experiment, the chromosome was fully extended in the
chromosome dumbbell configuration such that any further
extension by moving one of the bead handles registered an
increase in force acting on each bead. Force was exerted on
the captured chromosome by laterally displacing the position
of one of the two optical traps by 1 µm at speeds of 100 µm/s.
To examine the effect of force-loading rates on chromosome
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response, force-loading at 0.2 µm/s was also performed. In
these experiments, the moving optical trap was displaced un-
til a force readout of 150 pN on the bead was detected. The
chromosome was then held under stress in the extended po-
sition for around 2 min before restoring it back to its original
state by returning the displaced optical trap to the start po-
sition. High frequency (2.5 MHz) force data over the 2 min
dwell period was used in the microrheology analysis. Data
collection was automated using the force distance module in
Bluelake (LUMICKS).
The force acting at each optically trapped bead can be calcu-
lated as

F⃗ = −κOT x⃗ (2)
where x⃗ is the displacement of the bead from the optical trap
centre and κOT is the stiffness of the optical trap.
The net stretching force F (t) is the cumulative force acting
on the chromosome and is measured as the absolute sum of
the force acting at both beads. The strain ϵ(t) is calculated as
the relative extension of the chromosome:

ϵ(t) = L(t)−L0 (3)

The high frequency position information for each optically
trapped bead was computed by subtracting x⃗ from the posi-
tion of the optical trap centre holding that bead.
The broadband mechanical response of individual chromo-
somes was computed as complex stiffness

κ∗(ω) = F̂ (ω)/ϵ̂(ω) = κ′(ω)+ iκ′′(ω) (4)

F̂ (ω) and ϵ̂(ω) are the Fourier transforms of F (t) and ϵ(t)
respectively.
The loss tangent tanδ (Figure 3c) was calculated as

tanδ = κ′′(ω)/κ′(ω) (5)

κ∗(ω) and tanδ were acquired using a MATLAB application
i-Rheo C-Stretch (see Code availability and Extended Figure
S3) that implements a Fourier transform method introduced
previously (49, 50). The characteristic minimum time in tanδ
was extracted as the time at which an exponential fit to the
data from each individual chromosome reached the minimum
value.

Model fitting. The Kelvin representation of the Burgers
model can be expressed as,

σ(t)+( η1
κ1

+ η2
κ1

+ η2
κ2

)σ̇(t)+ η2
κ1

η2
κ2

σ̈(t)

= η2ϵ̇(t)+ η1
κ1

η2σ(t)
(6)

Here, κ1, κ2, η1 and η2 are the elastic and viscous param-
eters in the model respectively and can be diagrammatically
represented by the spring and dashpot schematic in Figure 4a.
Solving the Burgers model for complex stiffness from equa-
tions (4) and (6) gives,

κ∗(ω) = (τ2 + τ3 + τ2
1 τ3ω2)

(1− τ1τ3ω2)2 +(E1ω)2 η2ω2

+i
(1− (τ1 + τ2)τ1ω2)

(1− τ1τ3ω2)2 +(E1ω)2 η2ω

(7)

where, τ1 = η1/κ1 , τ2 = η2/κ1 , τ3 = η2/κ2 and E1 = τ1 +
τ2 + τ3
Individual microrheology data from experiments were fit to
the above equation using non-linear least squared fitting in
MATLAB to extract κ1, κ2, η1 and η2 (Figure 4).

Indirect immunofluorescence and microscopy. Primary
antibodies were used as follows: NPM1 (Mouse monoclonal,
#32-5200 (Thermo fisher, Waltham, Massachusetts, USA)
1:60; Nucleolin (Rabbit polyclonal, Abcam, Cambridge, UK,
#ab22758) 1:100. Fluorescence-labelled secondary antibod-
ies were applied at 1:400 (Jackson ImmunoResearch, Ely,
UK). For immunofluorescence, cells were fixed in 3.5%
paraformaldehyde for 15 min, permeabilized in 0.3% Tri-
ton X-100 for 5 min and blocked in 2% blocking solution
(Thermo fisher). Cells were incubated overnight with the
primary antibodies washed in PBS and secondary antibod-
ies were applied for 1 hr before counter-staining with DAPI.
Fluorescent image acquisition was performed using a Leica
(Wetzlar, Germany) TCS SPE confocal microscope with an
x63 oil immersion objective. Microscope settings including
laser power, exposure time and pinhole size were kept con-
stant across all images in Extended Figure S1. Images were
exported as TIFF files.

Image Analysis. Quantification of fluorescence intensity
was performed in ImageJ (51). For chromosome images
from single-chromosome experiments (Figure 1b), fluores-
cence intensity was measured as the integrated density from
line scans across each chromosome, divided by the length of
the chromosome. NPM1 and nucleolin levels were quantified
with Ki-67 manipulation from multichannel immunofluores-
cence microscopy images of early mitotic (prometaphase and
metaphase) cells. Masks were generated by thresholding the
DAPI channel to outline chromosomes and the NPM1 or nu-
cleolin channel respectively to mark the spread of these pro-
teins within the cell. The perichromosomal levels of NPM1
and nucleolin were measured as the mean intensity within the
intersection of the two masks (using the AND function on the
masks in the Image Calculator settings) in the respective im-
age channel. Ki-67 levels were measured as the mean inten-
sity within the chromosome mask in the mEmerald channel.

Calculations and Statistics. Kruskal-Wallis tests with
post-analysis multiple comparisons and linear regression
were performed in MATLAB (2022b, MathWorks). P val-
ues of ≤ 0.05 were considered to represent significance.

Code availability. The i-Rheo C-Stretch app can be down-
loaded from https://github.com/tvmendonca/iRheoCStretch
(Extended Figure S3)

Data availability. Data will be made available at the time of
peer-reviewed publication.
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Extended Data

Fig. S1. Ki-67 levels dictate localisation of the periphery proteins nucleophosmin (NPM1) and nucleolin at mitotic chro-
mosomes. Confocal images of Ki-67-mEmerald cells with wild type (WT), knockdown (KD) or overexpressed (OE) levels of Ki-67,
immuno-labelled for a. NPM1 and b. nucleolin. Cells were counterstained for DNA with DAPI. NPM1 and nucleolin aggregates (orange
arrows) in Ki-67 KD mitotic cells. Insets show zoomed in individual mitotic cells from images. Scale bar = 10 µm. c. Mean fluorescence
intensity (arbitrary units) of NPM1 and nucleolin at the chromosome periphery vs intensity of Ki-67 in early mitotic WT, KD and OE
Ki-67-mEmerald cells with linear regression fits (NPM1 vs Ki-67: r2 = 0.8, p < 0.0001 and nucleolin vs Ki-67: r2 = 0.6, p < 0.0001)
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Fig. S2. Assembling the chromosome dumbbell unit for single-chromosome manipulations a. Schematic of the u-Flux microflu-
idics flow cell (type c1). Only three channels were used. b. Sub-region of the flow cell mapping the positions of each step in dumbbell
assembly procedure. c. The four main steps to all chromosome manipulation experiments: 1. Optical trapping of beads as they flow
through channel 1. Dotted vertical lines represent centres of the optical trap (orange) and bead (grey), only shown on one side but ap-
plies to both. Dotted arrows represent direction of fluid flow. 2. Each new pair of trapped beads were calibrated to accurately measure
trapping force on both beads. Fluid flow is switched off during calibration. 3. A single chromosome is captured by binding to one bead
first and then bringing the second bead into contact to form the dumbbell. 4. Single chromosomes are stretched in the absence of fluid
flow by displacing the position of one optical trap while leaving the second stationary. The stretched chromosome displaces the bead
handles such that the bead centres and optical trap centres are no longer coincident.
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Fig. S3. Screenshot of the i-Rheo C-Stretch app. This plug and play app accepts 3xn datasets of time, summed force on both beads
and relative extension of chromosome. a. The inputs are displayed in the two plots at the top and b. the output complex stiffness and
tanδ results are displayed in the plots at the bottom of the app. c. Users can toggle between auto detection of parameters (initial and
gradient values for force and extension) or manual setting if known along with adjusting the number of interpolation points and plotting
density. Complex stiffness values can be exported from the app. A detailed guide is available to download with the app (see code
availability statement)
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