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Quantitatively describing the macromolecular confinement is still
a challenge. Using the assembly of DNA tiles in polyacrylamide
network as a model, we studied the effect of macromolecular
confinement on the growth of filament by scaling theory. Results
show that the confinement regulates the morphology, the initial
growth rate v, and the eventual length of the filament N,. The
initial growth rate is dependent on the medium viscosity n as
v « %%, and the filament adjusts its length in the given
confined space as N,,, (E/Rg)l's, with & being the mesh size of
the polyacrylamide solution and R being the radius of gyration of
polyacrylamide.

The congested interior of a living cell generates significant
impacts on the structure and reactivity of biomacromolecules,
such as proteinl, DNA% 3, peptide4’ and Iiposomes.
Experimental and computational studies have demonstrated
that macromolecular crowding and confinement are two
fundamental effects, with the former favouring the process of
increasing the available volume, such as the formation of more
compacted conformation of proteins7’10 and nucleic acid
chainsz, the binding of macromolecules to one another® 11, the
formation of aggregates like amyloidslz’ls, actin'® and
microtubule®, while the latter may have complex effects
depending on the relative size and shape of the product and
the confining volume™ *°. Both the effects are accountable for
the big differences of the behaviours observed in intro and
those occurring in vivo 2022 However, quantitatively describing
the macromolecular crowding and confinement effect is still a
challenge. On one hand, the cells contain many proteins,
complex sugars, and nucleic acids, with the total volume ratio
being up to 40% 3B 1t is difficult to build a simple model to
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simulate such heterogeneous system. On the other hand, th~
specific and other non-specific interactions between the tai g .
molecules and the crowding environment®® conceal or alter
the macromolecular crowding and confinement effect whic.. .

driven purely by entropy and can be attributed to exclua

volume interactions.

From the viewpoint of polymer physics, the congested ce '
interior can be treated as concentrated polymer solution. TF »
movement of individual polymer under such conditions Is
restricted in a “Tube” as proposed by Doi and Edward i
diffusion of small molecules is also affected by the pore size
(or correction length) of the transient polymer network % Th
diameter of the “Tube” or the pore size of the polymer
network, which defines the degree of confinement, can k 2
described by a scaling relationship with the concentration o1
polymer solution®®?’. Therefore, the scaling theory should k :
applicable to the effect of macromolecular crowding ana
confinement. Computer simulation has demonstrated that t+

protein folding temperature showed a scaling relationship wi.

the size of confining spacezs. To validate the scaling
relationship by experiments, the targeting molecules should
have no specific or other non-specific interactions with th >
crowding medium. The development of DNA nanotechnolog /
provides a practical approach to fabricate well-defined nano-
structures with desirable shape and topology 29,30 Many wat ¢
soluble polymers, such as (PAM)
polyvinylpyrrolidone (PVP) 3132 4o not have specific or nc..
specific interactions with DNA. Herein, we chose DNA filamer
as the object, and studied its assembly in PAM network.

The DNA filament is assembled by five DNA strands
whose sequences are listed in Fig. 1 A. These DNA strands fi rm
a rectangular tile of 4x2x14.3 nm. Four to ten of such tiles ca..
further assemble in circumference into a tubing filament wit .
a diameter ranging from 7 to 20 nm®. One of the five DN
strands (strand 5th) is labelled by a fluorophore, Alex 537
allowing a real time observation of the assembly process b
fluorescent microscopy. The growth of the DNA filament .

confined in the network formed by concentrated PAM
solution. The molecular mass (M,,) and radius of gyration (R}

polyacrylamide ar .

33, 34
,
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of PAM are 5.1x10° g/mol and 101 nm, respectively. The
overlap concentration C* is calculated to be 2.0 mg/ml
according to C*=M,/(47N4R,’/3), with N, being the
Avogadro’s number. At concentrations above C¥*, the polymer
chains penetrate and entangle with each other to form a
resilient and dynamic network. The pore size & of the network
can be fine tuned by varying the concentration according to &
= Rg (C/C*)‘O'm. % To ensure that the DNA filaments are
properly confined and the crowding effect is negligible, we
choose 10 mg/mL, five times higher than C*, as the lowest
polymer concentration. The pore size is about 30 nm under
such conditions. Total Internal Reflection Fluorescence
Microscopy (TIRFM) was used to in situ monitor the
assembling of DNA tiles at varying PAM concentrations. The
dynamics and topology of the assembly can be obtained
simultaneously from the video recorded in TIRFM 35,36

A 1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT
2. GTCTGGTAGAGCACCACTGAGAGGTA
3. CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCAACGLCT
4, CAGACAG

AdMl AL

TTTOGTGGTCATCOTACCT

TTCGGTTACTG

FIG. 1. (A) The sequence of the DNA strands; (B) the DNA tile formed by strands; (C) the
assembly of DNA filament by the tiles.

Figure 2 compares the real-time TIRFM images of DNA
filament at different PAM concentrations. Pure solvent (O
mg/mL PAM) is used as the control. Without the confinement
of polymer network, the DNA tiles diffuse very fast at the
beginning. They can assemble into filaments with time, but
these filaments quickly stick with each other to form branched
structures (Fig. 2A1-2A4). Eventually, the branched structures
further connect into a network, whose overall diffusion rate is
slow. However, the branches dangling outside the network still
swing back and forth at a fast rate as shown in movie S1 ¥ The
growth of one dimensional DNA filament is significantly
improved when DNA tiles are confined in 10 mg/mL PAM. As
shown in Fig. 2B1, the length of the DNA filament increases
much faster than that without confinement. The growth at this
stage is mainly via the attachment of individual DNA tile at the
ends of the filament. Once the length of the filament reaches
certain level, different filaments start to bind together via end
to end connection as shown in movie S2 *® . The end to side
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connection, which leads to branched structures, is ai:
observed (Fig. 2B1-2B4). This suggests that the original’
formed filaments have defects, which is in agreement with ot
previously findings 3 The confinement effect becoi i«
stronger at higher PAM concentrations. As shown in Fig. 2C-2.
both the growth rate and the length of the DNA filaments
decrease with increasing PAM concentration, indicating that 1
stronger confinement prevents the DNA tiles from assembling
into longer filaments. On the other hand, the branching «ft
DNA filaments is also significantly suppressed as the PAM
concentration increases. The enhancement on the growth in
one-dimension is in agreement with our previously findings ’
This result also matches the prediction of the “Tube” mod .
proposed by Doi and Edward *°. As shown in Fig. 2E1-E4, N
branching is observed in the studied time periods at 30 mg/m’
PAM. This is reasonable considering that each DNA filament -
“trapped” in the network. It can only diffuse axially toasi "
extent. The lateral movement is strongly suppresseq,
especially for the longer ones as shown in movie S3 “ Es
prominent change in filament diameter is observed from
TIRFM and TEM images (Fig. S1) at the studied conditions.

30min

%

30rnin asmin

10pm - : 60

30min

FIG. 2. Video images showing the growth of DNA filament in PAM matrix of vary.
concentrations (A-E) at selected time points (1-4). The concentration of PAM: (A) °
mg/ml, (B) 10 mg/mL, (C) 15 mg/mL, (D) 20 mg/mL, (E) 30 mg/mL. The concentration f
each DNA strand is 100 nM. The dimension of each panel is 50 x 50 pm. A larger view s
attached as Figure S2.

To build a scaling relationship between the confinement effec.

and the assembly of DNA tiles, we measured the length of th
DNA filament at selected time points by software Imag-
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Figure 3 compares the results at around 50 min, at which time
period the growth of DNA filament is not prominent. At 10
mg/mL PAM, the length of the filament ranges from 2 um to
more than 20um, with the average value being 7.9 + 4.5 um
(Fig. 3A). At 15 mg/mL PAM, the broad distribution remains,
but the averages value decreases to 5.9 + 4.4 um (Fig. 3B).
With further decreasing concentration to 20 mg/mL, the
length distribution becomes narrower, and the average length
drops to 3.9 £ 1.8 um (Fig. 3C). It further decreases to 1.6 £ 0.6
um at 30 mg/mL PAM (Fig. 3D). The length distribution is also
the narrowest at the studied conditions.
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FIG. 3. The length histogram of DNA filaments after 50 min at PAM concentrations of
(A) 10, (B) 15, (C) 20, and (D) 30 mg/mL.

The kinetic growth curve is obtained by using the calculated
length L at different time points. As shown in Fig. 4A, the
growth of DNA filaments in PAM network follows a similar
pattern at the concentrations from 10 mg/mL to 30 mg/ml. All
the curves can be fitted by an exponential growth equation,

L=1L, (1 —exp (— %)) 1)

with L,, and 7 being the maximum length and the
characteristic growth time, respectively. The fitting results of
L,, and t at different PAM concentrations are listed in Fig. 4B.
The DNA tiles can assemble into a tube of 7.9 um when
confined in 10 ml/mL PAM, but only 1.9 um when the PAM
concentration increases to 30 mg/mL. The t values range from
10 to 13 min, and do not exhibit prominent dependence on
PAM concentration, indicating that the growth is diffusion-
limited . Fig. 4A also shows that the growth rates v of DNA
filaments at the early stage are different. It is 0.72 um/min in
10 mg/mL PAM. But it drops to 0.17 um/min in 30 mg/mL
PAM, by a factor of 4. Since the hydrogen bonding between
DNA tiles is strong at room temperature, the assemble rate at
early stage is controlled to a large extent by the diffusion of
DNA tiles. The diffusion coefficient is inversely proportional to
the solvent viscosity according to the Stokes-Einstein equation
D = kT /6mnR, with 77 being the viscosity and R being the size
of the diffusion particle. Since the size of the DNA tile is
comparable to the mesh size in the studied concentration, the
viscosity of the medium should be used when calculating the
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diffusion coefficient %°. The measured viscosities of PAM « .
different concentrations are listed in Fig. 4B. The fitting of v v .
77 curve (Fig. 4D) yields a power law relationship of v « 770"
The exponent is close to 1, suggesting that the growth at e r’
stage is controlled mainly by diffusion.
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FIG. 4. Growth curve of DNA filaments at varying PAM concentrations (A). The solid
lines show the fittings by using exponential growth model; Mesh size, viscosity and t 2
fitting results (B); The dependence of L,/L, on C/C* and the power fitting curve (C),
The dependence of v on 1 and the power fitting curve (D).

L,, can be treated as the equilibrium length of DNA filamer.*
under confinement. Since the length of each DNA tile (Lg) is
14.3 nm, L,, /L, represents the maximum aggregation numbc -
N,,. It has a scaling relationship with PAM concentration
Figure 4C shows the fitting of the L,,/Ly vs C/C* data by 1
power law, which yields

L/Lo = 4.0 X 103(C/C)™14  (2)

The mesh size of the network also has a power law with e

polymer concentration as mentioned above as f/Rgoc
(€/C*)7%76 | Combining this equation and equation (2)
together:
1.8
Lm/LO & (‘f/Rg) (3)
or

§/R, < Ny (4)

Confinement occurs at § <R, in the network formed &/
polymer solution. Therefore, the §/R, ratio defines the degree
of confinement in polymer network. Equation (3) shows ' iat
the length of DNA filament has a power law relationship w *»
the degree of confinement with the exponent being 1.8. Thi<
scaling relationship can also be expressed from the viewpoir.*
of aggregation number. As shown in Eqg. (4), DNA filamen.s
adjust its aggregation number to fit in a given confined space
&/Ry. Interestingly, the exponent is close to 0.6 (or 0.58€ ,
suggesting that the DNA filament in PAM network follows the
behaviour of coiled polymer chain in good solvent *2 Howeve ,
DNA filament is a rigid rod. Its size Rp & N1 in non-disturbug
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state. The specific behaviour of DNA filament in a confined
network could be explained by the “Tube” model proposed by
Doi and Edwards."! The “Tube” composed by PAM chains
follows a similar behaviour as a flexible polymer chain.
Therefore, the assembly of DNA tiles in polymer network
follows the profile of a “Tube”, especially at early stage. As the
rigid DNA filament reaches a certain length, it has the capacity
to “reset” the confining “Tube”. The overall scaling
relationship can be described by Eq. (3) or (4). It has been
reported that a protein or polymer chain is to scale with the
confining size, with an exponent being 5/3 and 15/4 in weak
confinement regime or strong confinement regime,
respectively.zs' “ The scaling relationship in our work suggests
that the confinement provided by transient polymer network
falls into the weak confinement regime.

In summary, the confinement of polymer network shows
profound effect on the growth of DNA filament. Our study
demonstrated that the confinement has the capacity to
regulate the growth of filaments in one-dimension,
suppressing the formation of branches. The growth rate at
early stage is controlled by the diffusion of DNA tiles, while at
later stage, end-to-end connection is the major growth
pattern. The length of DNA filaments has a power law
relationship with the degree of confinement. The DNA
filament has a tendency to follow the behaviours of the
confining polymer chains. Since DNA filament and PAM have
no specific interactions, our findings should be also applicable
to the growth of other filament in a confining network purely
by excluded volume interactions.
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