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Extracellular matrix stiffness influences colony growth and
antibiotic resistance of bacteria

BIAN Yangyang, LU Ruoyi, ZHANG Wenjing, LI Zhuo, ZHANG Zhaohui, CAI Ziwen,
SUN Zhigang, LIU Xiaoye"

Animal Science and Technology College, Beijing University of Agriculture, Beijing 102206, China

Abstract: [Background] The process of pathogen invasion into host cells is regulated by
various factors, among which extracellular matrix stiffness is a key factor that modulates host
cell functions. However, the influence of extracellular matrix stiffness on the growth of
pathogens after they invade host cells remains unclear. [Objective] To investigate how
extracellular matrix stiffness affects colony growth, population structure, and antibiotic
sensitivity of bacteria. [Methods] Polyacrylamide gels were used to mimic varying degrees of
extracellular matrix stiffness, and bacterial colony formation on substrates of different stiffness
was observed and analyzed. Microscopy was used for observation of bacterial colonies, and
image processing software was employed for further analysis. [Results] Bacterial colonies grew
larger in the case of higher extracellular matrix stiffness. After the application of antibiotics, the
density at the edges of bacterial colonies was more likely to decrease on polyacrylamide gels
with lower extracellular matrix stiffness, whereas it was less likely to decrease on tissue-like
hydrogels with higher extracellular matrix stiffness. [Conclusion] An increase in extracellular
matrix stiffness promotes bacterial adhesion and colony formation, which alters antibiotic
penetration and bacterial survival. Understanding the role of matrix stiffness in the growth and
antibiotic resistance of bacteria is crucial for developing new antimicrobial treatment
strategies.

Keywords: extracellular matrix stiffness; polyacrylamide gel; colony morphology; antibiotic
resistance
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Figure 1 The stiffness of the culture medium compared to the extracellular matrix stiffness of various
tissues and organs within the host. The surface stiffness of brain tissue is 0.3—1.0 kPa, the surface stiffness of
skin tissue is 3—7 kPa, the surface stiffness of heart, liver, spleen, lung and kidney tissue is less than 20 kPa,
the surface stiffness of intestinal tract is 10—20 kPa, and the surface stiffness of gingival tissue is about 100 kPa.

However, the surface stiffness of the cell culture dish was GPa grade, which was 10° times different from that
of the tissue cells.
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1 5 rE®
1.1 #MH

AR S5 i A B AR A5 B3 1
1.2 BEFE. FERFIFNEE

LB 75573 (g/L): M 10.0, FEEEE
) 5.0, NaCl 10.0. /K% Hs 77 1 A4 e il 4
R R 2 JE4T . WEBREh 2% v (phosphate buffered
saline, PBS) (0.01 mol/L), BN &4k /R A MR A
BRONE] . PIMSIENE . Bis INMSHERE . b hilRdk . Y
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3- N A = AR R BE (I 2tk BE B 1:24 3
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A BRI ). DSPM-358 U IR A= fb 3% 55
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RAA I BUER TN s T B 8 e o ) L AS [l vk R 1Y)
40% N s Bk B v YRR T LA il 28 1 EL A AN [R) I E 1
IR BEREFENG o A [F] 7 TN A4 T e T L 25 5 S50RH Y,
PSRRI AR L, gk 2 FrRl, R [E iy
NI EE AT DL RS2 B 48U 1 ORI .

e R TE AL R B R A RS B R L
PAGE & EE, CEREIR | 5 min, WEHREHRE
FrBf R o TR HEATER 2 I TE . FEBE A b
FEMAIMAGE & 3-2 N 5k — B A SRk e 1 W R
PR, o5 3% R IR AW TS A SR i1 11
e, SRIEIA 0.5%)% 8 PBS FHil) 30 min.
& a A E, BT A&

Table 1 Bacterial information
S k73 P
Classify Strain Source
FECPHTE MRS NVHO0075/95 PN
M Bacillus cereus NVH0075/95 Our lab
Gram i B ZEAAT B ATCC 6051 5[] S TR TR o (R 0
positive Bacillus subtilis ATCC 6051 American Typical Strain
bacteria Collection Center (ATCC)
M RLZF A I CAU21 ENS
Bacillus subtilis CAU21 Our lab
HRZ I A2 RR IRTE ATCC 19115 13-
Listeria monocytogenes ATCC 19115 Gain as a gift
SO A BRI ATCC 29213 2 [ ot 780 I ol 5 o
Staphylococcus aureus ATCC 29213 ATCC
FERHIE RIAFF R GFP-25922 (%47 WITE GFP £k (1 2E0) ARSI
giilE] Escherichia coli GFP-25922 (endogenously expressing GFP, green fluorescence)  Our lab
Gram KIHAF I ATCC 25922 5 ] AR TR (R 0
negative Escherichia coli ATCC 25922 ATCC
bacteria Jili 5 wd B AR ER B 1202 ARSI
Klebsiella pneumoniae 1202 Our lab
il 23 B T PAOL ARSI
Pseudomonas aeruginosa PAO1 Our lab
RATFEVDITIRTE 1344 I 3%
Salmonella typhimurium 1344 Gain as a gift
Rl M 3N ATCC 17802 56 [ e 7Y T Ao 5 P
Vibrio parahaemolyticus ATCC 17802 ATCC
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Table 2 Conditions for hydrogel formation and polymerization

1 FOAR RFL 2.5% LB A 40%R 4 Bt

2% Bis-INEIERE 1B R %

S

Young’s Volume 2.5% LB broth 40% acrylamide 2% Bis-acrylamide Ammonium Tetramethylethylenediamine
modulus (kPa) (%) (uL) (uL) (uL) persulfate (uL) (uL)
6.29 10 756.50 198 40 5 0.50
10.14 20 578.50 400 16 5 0.50
19.61 10 644.50 190 160 5 0.50
32.29 15 636.50 297 61 5 0.50
51.41 20 441.50 392 161 5 0.50
69.75 15 464.50 289 241 5 0.50
93.46 15 352.50 282 360 5 0.50
142.91 20 136.50 377 481 5 0.50

IKBEREE SR AL 7 i 0N A 2.5% VRRVAERIEAS . B AN HARE Bk 1 P

LB W7 . 40%NMEIENE . 2% Bis- PN 4 It e 44 BR
P BV R B0 T, s BRI Y H 3
O R BRI E A TIR &) o il R IS
FI KBS B 5 3 EIE AL B A b, PR T Je B
T —E R SR KB TR AL B R B, 4T
FERE TAE G SEAMT BSS 30 min, SF/KEEHR A
BB Y Ji 2 L

SR TUMRIARBCH A 0.125 pg/mL FFHf
HF AR ATCC 6051, CAU21 FI A% A= 24
iR RN 16 wg/mL FHF il % s B A i e
450 pg/mL FFHI LA AR, 0.5 ng/mL H
TFRAOGFEV TR EEY . 16 pg/mL FH T &% 1 ik
PRI PR LS 225 PH OGS 20 B B 7% IV
1.4 AEEAREMEEIMERNE EEK
1R FE A9 A

¥ GFP-25922 &5 4 A B[] Wi 2 7K 358 e
IR E, 4h JFiEsR KA RN E R, W
AT TR AE A [R) W BE AR B e 1 A K i 2 e B 5
IEE RS KR A KB OE, BEMLE RS A
BEWAE R 0 HE
1.5 MEEREAENEEFE NS
AR

FEA RIS BUKBERE FA 5 AR 2 IR
G R ey a2 R e ol B e e € O
(10.14 kPa) Fl A JL )76 (32.29 kPa) b, WLELHH B

7o 1.3 Hifil £ Y 2 A 2 AT A K BE R TR AR
KT TEAEAS R0 EE K e e b AR K BaE,
LRI EA RN E R I ERIER, KR 1P
(AN R FEFIZE 10.14 kPa il 32.29 kPa I 7K
[ S T S R I @ B e = S =i
37 °CAMF T 53R 12 h, BEMLESE S FHEERE N
XFRE S 8 Tmaged B0/ 1R 75 1 e — B A2 64T
AT, EFE“Straight Line” T B2l Fr s #5142,
SR J5 5 “Analyze” S HLRS T ) “Plot Profile” BfI
A AR RV — AR K FEE AT
1.6 EEETAMNERELNAE
HEARA

M5 BRI S QPP TP e B 3 AR, A 5 K
B2 IR TR R B 4 AR TR 43 B B PR 22 S
FPUMRAYER(10.14 kPa) . fif(32.29 kPa) /K &E I F
b, XTSI R PARET . R E A RKIB S
Trmgs, FEPLEREZS I BERAE XTI, [ 2
TR R VR AR EA TSR IS, 34 KB U A 4
X TR 7 i S AT I B SR

2 ERE54M

2.1 YARESNEL BTN R i 4 B TR AL
EMERERSXRN

E Fr 6 SR JEe W EE I RO, it 6 Y 2 114
WK, KA R AE R BRI IR b A s R
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— BB T 20 B A0 I o I R 2 AR 20 TR 49 B
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2.2 ZAPESNE R NI 2 4 B B R
ST

WP R IE B A LUKEE R F ALK
{4 A B 25 96 4T 14 (Bacillus  subtilis) Fl K iz AT
(Escherichia coli), X H B 7% A [a] X3 i 4 7K
AT G5 R, A ZEAAT B 7 IR 8

FREE TR TE AR AS N H i AN E, T
TERE L IC B IR L b g 2 B I 09 20 AS 4 A T
R332 X 558 ) 4% v T bl X B8] 4A) .
KM R B 7 T Lo 43 B B AL s T il 3 53
(K 4B),
23 HRAERMEFTEMRNEEKE
FE EHEZET LN

FEAK(10.14 kPa)F11fi(32.29 kPa)FL s 55 57
JE FAERD 7 ARAN TR I IG FRAR R ], 2R 05 7R 5
FEP IR VIM . 2RI M R, B IEE E
PRIV& 52 DL P S — AR 25 R TR A R
S BRI S BOR, T —RRAERE R
WK NG BA XKL, A LSRR
[ (Listeria monocytogenes)fE 5k . i JLE V%
)RR AR DX AT N RN RR B ARV . i e B 1 IR
i (Klebsiella pneumoniae) e i 3L i i 7% 11 2%
HH B Ry YT H . A £ i R T (Pseudomonas
aeruginosa)7E 2 FhELIK b B 75 A H 8 4/ HL
NG W . BAGFED T IRE (Salmonella
typhimurium)7e 2 LIS A9 B 75 8 6 X S0
R . Rl K (Vibrio parahaemol yti cus) 78 31 Ji&
JiE VRIS B A R LI OB

150

1

100

T

L
(=]

E. coli colony count  —

ﬁﬁﬁfljﬂ

0
6.29 10.14 19.61 32.29 51.41 69.75 93.46 142.91
Young’s modulus (kPa)

B2 GFP-25922 EAEERNIEKER EREREEWNN  A-H: GFP-25922 7EA [N B K BEKE
HERESE(A: 6.92; B: 10.14; C: 19.61; D: 32.29; E: 51.41; F: 69.75; G: 93.46; H: 142.91),
I: EGiit GFP-25922 A KA K .

Figure 2 Observation of the growth rate of GFP-25922 on hydrogels with different substrate stiffness. A—H:
Fluorescence images of GFP-25922 growing on hydrogels with different stiffnesses (A: 6.92, B: 10.14, C:

19.61, D: 32.29, E: 51.41, F: 69.75, G: 93.46, H: 142.91). I: Quantitative statistical plot of the growth number
of GFP-25922.
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Figure 3 Comparison of bacterial growth status and colony size on different hydrogel substrate stiffnesses
medium. A: Gram positive bacteria; B: Gram negative bacteria; C: Quantitative analysis of bacterial colony
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Figure 4 Statistical chart of colony density, morphology, and grayscale values of Bacillus subtilis and
Escherichia coli on stiff substrate medium. A: B. subtilis CAU21; B: E. coli ATCC 25922. The color gradient
from black to gray indicates a gradual decrease in colony density, colony grayscale values were analyzed
using Imagel software. In the bacterial colony image, the letters a, b, ¢, and d within the circle indicate the
selected dashed-line paths along which grayscale intensity profiles were analyzed. The corresponding graphs
on the right, also labeled a, b, c, and d, represent the quantified grayscale intensity values of the bacterial
colonies along these respective paths.
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Figure 6 Marginal growth of six bacterial colonies on soft (A) and stiff (B) substrate hydrogel medium
under conditions before and after the addition of ampicillin.
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