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Supplementary Methods

I A Specific Method for Solving the Effective Diffusion Coefficient Using Classical

Analytical Solutions Based on Fick’s Second Law
1. Physical Model Assumptions

In my Transwell experiment, the diffusion system is considered to be one-dimensional
diffusion:

2. Diffusion Equation

For one-dimensional unsteady-state diffusion '2:

dc_ d*c
dt T g2

Where C(%.t) is the concentration (mol-L'l) at position ¥ inside the hydrogel at time ¢, Desr i
the effective diffusion coefficient (cMm°/S), t is time (5), and X is the spatial coordinate ((0 < *

< L, ynit: cm),

3. Initial and Boundary Conditions

Initial Condition (t=0) Boundary Condition 1 (*=0) Boundary Condition 2 (¥
= L)

C(x,0)=0 C(0,t) =C, C(Lt)=0

(No fluorescent substance (Interface concentration at (Interface concentration at

inside the hydrogel) the upper chamber is CO) the lower chamber is O)

4. Model Solving

The classical analytical solution for Fick’s diffusion 3# is used to solve the model and obtain

the relationship between cumulative permeation M: and time t:

The mass Mt accumulated in the lower chamber per unit area is:



( dc
MtZA (—Deffallel)dt
0

After integration, we obtain:

M, 8 — 1
- =1-— ex

M, nzn:0(2n+ 1)2

Dp(2n + 1)27'[21:]

LZ

Where Mo is the total permeation amount in the lower chamber after infinite time. In my
Transwell experiment, since the lower chamber is continuously replaced, M should

theoretically be the total mass initially in the upper chamber.

5. Fitting Based on Existing Experimental Data Using Classical Analytical Solutions
5.1 Data Preparation
Extract data points (Time ¢, Cumulative Permeability %) from Figures 4C, E, and G.

Convert Cumulative Permeability % into the actual mass permeation M,

Cumulative Permeability
= XM

t 100 0

Where Mo = Co X Vipper (Initial total mass in the upper chamber).

5.2 Defining the Fitting Function

Using Origin Pro 2021 software to create a new function

5.2.1 Open the Fitting Function Builder
Menu: Analysis — Fitting — Nonlinear Curve Fit — Open Dialog Box

5.2.2 Create a Custom Function
(D Select the Function tab in the dialog box.
@) Click New — Select New Function

(3 Set function name and type:

Function Name  Function Type  Independent Dependent Var  Parameter

4



Var Names
FickSecondLaw User Defined {(Time, unit: M t(Cumulative a) Deff:
seconds) penetration,
unit: pg) Effective
diffusion

coefficient (
cm?/s)

b) Minf: Total
permeation over

infinite time

(H9)

c) L: Hydrogel

thickness (€M)

5.2.3 Input Function Expression

Enter the following code in the Function edit box (C language format):

double sum = 0;
double term;
int n;

intn_terms = 50;

for(n = 0; n <n_terms; n++)

{

sum += term;

term = 1.0 / (2*n+1)*(2*n+1)) * exp(-Deff * (2*n+1)*(2*n+1) * pi * pi * t/ (L*L));




Mt = Minf * (1 - 8/(pi*pi) * sum);

5.2.4 Set Initial Parameter Values

Set in the Parameters tab:

Deff Minf L
5% 10~ ' (Initial guess 10Mo =10 pg) 0.1(Hydrogel thickness:
value) mm)

5.2.5 Save Function

Click Save to store the function in the User Defined category.

5.3 Executing Nonlinear Fitting

5.3.1 Select Data and Function

(D Add a new column Time s = Time_h * 3600 to the data table.

(@ Select the data columns to be fitted in the worksheet (e.g., Time_s and M t GelMA).

(3 Reopen the Nonlinear Fit dialog box(Analysis — Fitting — Nonlinear Curve Fit —

Open Dialog Box)

@ In Settings — Function Selection:

Category Function

User Defined FickSecondLaw

5.3.2 Set initial values, fixed conditions, and constraints

On the Parameters tab:



Parameters Initial value Is it fixed? Constraint

Deff 5x 1010 No (non-fixed) 0<Deff< e-8
Minf 10 Yes (fixed) -
L 0.1 Yes (fixed) -

5.3.3 Perform Fitting

Click the Fit button, and Origin will:
(D Iteratively compute optimal parameters
(@ Generate a fitted curve

(3 Output the fitting report

5.4 Add confidence intervals to plots with generated fitted curves
5.4.1 Reopen the Fit Dialog Box

In the graph where the fitted curve has already been generated, click the green lock icon on
the graph, then click “Change Parameters” to reopen the “Nonlinear Curve Fitting (NLFit)”
dialog box.

5.4.2 Locate the “Settings” tab

In the row of tabs in the middle of the dialog box, click “Settings.”

5.4.3 Accessing “Fitted Curves”

In the list on the left side of the “Settings” tab, click “Fitted Curves”.

5.4.4 Check the Confidence Band

In the menu that expands on the right, locate the “Fitted Curves Plot” section. Check the box:

(D Confidence Bands: Checked, with a default setting of 95%.



@) Prediction Bands: Checked, with a default setting of 95%

5.4.5 Click “Fit”
After completing the settings, click the “Fit” button at the bottom

5.5 Adjust the horizontal time axis and vertical cumulative permeability axis using
mathematical formulas to match Figure 4 in the manuscript

Workflow of Data Analysis Based on Origin
Set Function

Execute Function
(Open the Fit Function Builder ) /~ Select Data and Functions M
< Analysis — Fifting — Nonlinear podiaencol gl cREgle =55 [
Curve Fit — Open Dialog Box worl_(sheet — Select the d_aia co_lu_mn ;
\ ~ to fit — Reopen the nonlinear fitting |— - |
1 dialog box — Settings — Selfect the .
4 Create a Custom Function ™ function “FickSecondLaw” that has )
Function — New — New Function - been saved
o — Set function name and
type(‘Function Name”, “Function (‘Set Initial Values and Constraints
- \_Type’, "Independenf Var’, etc.) ) Set fixed values for “Minf’and ‘L, —
\___and set constraints for *Deff’. ) -
. < I :
Enter Function Expression iz Perform Fitting ~ =
Enter code in the Function editing Continuously iterate calculations
box (C !anguage format) until the optimal parameters are
L found, generating the fitted curve.
1
—[ == Isr"tt'?ép;fmetﬁ,r ”\filues ] ("Add a Confidence Interval to the
o SOt i Plot of the Fitted Curve
Click “Change Parameters™ —
Save Functlon Settings — ‘Fitted Curves” —
Click “Save” \____ Click Confidence Bands”

=4

Supplementary Method Figure 1 Use Origin software to build and execute the classical
analytical solution function of Fick’s second law

IT A Specific Method for Normalizing Permeability to the Average Pore Size

1. Calculate the free diffusion coefficient ~ 0 using the Stokes-Einstein equation
Calculate ~'0 according to the Stokes-Einstein equation >
kyT

0~ 6mnR,,



kB(Bolthann T (Temperature) N (PBS Viscosity) Rh(Hydrodynarnic
constant) radius)
138 %107 %%/K 298.15K 0.89 % 10 3Pa-s BSA: 3.5nm 6
Dextran: 1.4 nm’
Mannose: 0.6 nm 8
Do(cmz/ s) BSA Dextran Mannose
6x1077 1.7%1076 5.4%10°°

2. Obtaining aperture dimensions using ImagelJ software

2.1 Importing CLSM Images into ImageJ Software

2.2 Set Scale

Select Analyze —Set Scale from the menu bar. Use the line tool to draw a ruler segment of

known length on the image. In the pop-up window, enter the actual length and unit (e.g., um).

Check Global to apply the scale to all images.

2.3 Drawing Survey Lines

Select the Line tool and draw a line at each end of the hole to indicate its diameter.

2.4 Conducting Measurements

Select Analyze — Measure from the menu bar. In the results window, the Length column

displays the measured diameter values.

2.5 Result Processing

. . Mean,
Convert diameter to radius ( p).



3. Use Origin software to plot scatter plots for all data and fit power-law trendlines.

3.1 Import the aperture size data obtained from ImagelJ software into Origin.

Mean
Select the "p column (average pore size column) and the Yex» column (experimentally

Desy

obtained Do ), where Deff is the effective diffusion coefficient calculated using the classical

analytical solution based on Fick’s second law.

3.2 Plotting Scatter Plots

Click the menu: Plot —Symbol —Scatter

3.3 Open the Nonlinear Fit dialog box

3.4 Select the ALLOMETRIC! function (v = ax”)

3.5 Set the initial values for “a” and “b”

Set a=1 and b=0.5 in the Parameters tab.

3.6 Perform fitting

Click the “Fit” button to perform the fit, obtaining the fitted curve and the fitting equation.



The specific workflow for normalizing permeability to the average aperture size

. The Calculation of Dy Using the Stokes-Einstein Equation N

Consult literature to obtain the hydrodynamic radii of different solute
molecules Ry, — According to the Stokes-Einstein equation Dy = r,:i,,

— Here, kg =1.38x 10723/K | T =298.15K, n=0.89%x107*Pa-5s —

\ Calculate D, y

!

/ ImagedJ Software for Obtaining Aperture Dimensions e
Import CLSM images into Imaged software — Sef the scale — To draw
meastreiment lines, select the straight line tool and draw a line at each end of
the hole to indicate the diameter — Peirform measuremernt by selecting
Analyze——Measure from the menu bar — In the results window, the Length
colurmn displays the measured diameter values — Result processing
Qonverts diameter to radius (Mean,,, column) Y

|
7~ Plot a Scatter Plot of All Data and Fit a Power Function Trendline
Based on the CLSM-derived pore size data, select the Mean,,, column
(average pore size) and ye., column (experimentally obtained Dysr/Dy ) —
Piot a scatter plof — Open the Nonlinear Fit dialog box — Select the
ALLOMETRICT function (y = ax®) — Set the initial vaiues for “a” and ‘b” —

\Perform fitting — Obtain the fitted curve and the fifting equation v/

08 o
s

Supplementary Method Figure 2 The specific workflow for normalizing permeability to the

average aperture size.

Supplementary Method Figure 3 demonstrated our overall approach to modeling quantitative

transport using the Transwell system.

The Overall Approach to Modeling Quantitative Transport Using the Transwell System

Result

Establish models

Analytical Solution for Fick's Second Law
to Determine the Effective Diffusion
Coefficient Dz,

M, 8w 1 Depy(2n + 1)?nt
—_—=1- —z —exp |— -
M, 2 P (2n+1)2 L2

|

Permeability normalized to average pore size
Derr
o b
- arp

Dy A o

Conclusion

For the same solute
molecule, the larger the
pore size of the hydrogel,
the greater the Dy

For hydrogels with the
same pore size, the smaller
the solute molecular weight,

the larger the D.y;. )

Compared to small- )

molecule solutes, the
permeability of
macromolecular solutes
exhibits a more
pronounced increase with
increasing pore size. )

Supplementary Method Figure 3 The overall approach to modeling quantitative transport

using the Transwell system.
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Fig. S6. A), UV-vis spectrum of RB-GelMA. B), Fluorescence spectrum of RB-GelMA.
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Fig. S11. A), UV-vis spectrum of FITC-PEO-NH,. B), Fluorescence spectrum of FITC-PEO-
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Fig. S12. After mixing GeIMA with FITC-PEO-NH, solution to form a gel, the fluorescence

intensity of PBS was measured after soaking in PBS.
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Fig. S13. A), CLSM observation of GeIMA macroporous hydrogels with standing times of 1-

5 minutes: a), 1 minute, b), 2 minutes, c¢), 3 minutes, d), 4 minutes, ¢), 5 minutes. Scale bar:

100 um. B), Pore size distribution of GelMA macroporous hydrogels with standing times of

1-5 minutes. C), Average pore size of GelMA macroporous hydrogels with standing times of
1-5 minutes. (mean £ SD, n =3, * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001)
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Fig. S14. A), CLSM observation of GelMA macroporous hydrogels at different ambient

temperature: a), 4 °C, b), 25 °C, c), 55 °C. Scale bar: 100 um. B), Pore size distribution of
GelMA macroporous hydrogels at different ambient temperature. C), Average pore size of
GelMA macroporous hydrogels at different ambient temperature. (mean = SD, n =3, * p <

0.05, ** p < 0.01, *** p < 0.001, **** 5 < 0.0001)
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Fig. S15. Performance characterization of GeIMA hydrogels and GeIMA macroporous
hydrogels with different pore sizes. A), Equilibrium swelling rate. B), Degradation
performance in type I collagenase solution (20 U/mL in PBS) at 37 °C. C), Time sweep of
dynamic rheology study. D), Oscillatory-amplitude sweep of dynamic rheology study. (mean
+SD, n=3,* p<0.05, ¥* p <0.01, *** p <0.001, ¥**** p <(0.0001)
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Fig. S16. Cell proliferation rates of GeIMA hydrogels and GelMA macroporous hydrogels.
A), Proliferation rate of BMSCs in the extract solution. B), Relative proliferation rate of
BMSCs in two-dimensional culture. (mean &= SD, n =3, * p <0.05, ** p <0.01, *** p <

0.001, **** » <0.0001)
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Fig. S17. Observation on the cell viability and morphology of BMSCs in two-dimensional

culture using different pore diameters of GelMA hydrogels and GelMA macroporous
hydrogels. A), Live/dead staining on day 1 and day 3. Scale bar: 100 um. B), Cell viability.
C), Fluorescent staining of the cytoskeleton of BMSCs on days 1 and 3. Scale bar: 100 pum.
D), Quantitative analysis of the relative fluorescence intensity of F-actin based on inset C.
(mean + SD, n =3, * p <0.05, ** p <0.01, *** p <0.001, **** » <0.0001)
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Fig. S18. Standard curve equation for BSA-FITC.
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Fig. S19. Standard curve equation for Dextran-FITC.
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