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Free radical polymerization facilitated covalent conjugation enables anchoring-omitting expansion microscopy
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I. Experimental Procedures
Materials and Instruments
Acrylamide (AM), sodium acrylate, N-isopropylacrylamide (NIPAM), biotin, and biotin-tyramide were purchased from Sigma-Aldrich (Shanghai, China). Acrylic acid (AA), ammonium persulphate (APS), N,N,N',N'-tetramethylethylenediamine (TEMED), horseradish peroxidase (HRP), and acetylacetone (ACAC) were purchased from Macklin Reagent Co., Ltd. (Shanghai, China). N-acryloxysuccinimide (NAS) was purchased from Aladin Co., Ltd. (Shanghai, China). Streptavidin (SA), SA-FITC, SA-Cy3, proteinase K, DNA oligonucleotides and immunoglobulin G (IgG) antibodies were purchased from Sangon Biotechnology Co., Ltd. (Shanghai, China). Tetrapeptides were purchased from ChenPeptide Biotech Co., Ltd (Nanjing, China). AFP antibodies and AFP antigens were purchased from Linc-Bio Science Co., Ltd (Shanghai, China). Yeast from the baking ingredients was purchased from Fengwei Industrial Co., Ltd. (Shanghai, China). The sequences of the carboxyfluorescein (FAM) labeled oligonucleotides were as follows:
B-DNA-F: 5'-biotin-AAA AAA AAA AAA AAA AAA-6-FAM-3′
DNA-F:        5′-AAA AAA AAA AAA AAA AAA-6-FAM-3′
Immunostaining antibodies were obtained as follows: Rabbit anti-Oxytocin (Abcam, ab212193), Rabbit anti-c-Fos (Abcam, ab222699), Rabbit anti-Bassoon (Bioss, bs-0275R), Mouse anti-Homer1 (Sangon, D197276), Alexa Fluor 488-conjugated Goat anti-rabbit IgG (Sangon, D110061), Alexa Fluor 555-conjugated Goat anti-rabbit IgG (Sangon, D110070), Alexa Fluor 647-conjugated Goat anti-mouse IgG (Sangon, D110109).
All solutions were prepared with deionized water purified by Milli-Q Integral (Merck Millipore, USA) (18.2 MΩ·cm). 
1HNMR data were recorded with ADVANCE III (400 MHz) (Bruker, Germany). The chemical shifts (δ) were given in parts per million (ppm) relative to D2O (4.79 ppm). Digested proteins were separated on an Eclipse XDB-C18 column (150 * 4.6 mm, 5 μm) using a linear gradient from 10% to 95% acetonitrile over 25 min. The flow rate was maintained at 0.5 mL/min. Fragments were next analyzed using a TripleTOF 5600+ QTOF mass spectrometer (AB SCIEX, USA). 
DLS measurements were performed using a Malvern Zetasizer Nano ZS90 (Malvern Instruments, UK).
The molecular weight and PDI (Mw/Mn) were measured by aqueous GPC on a Waters 2690 D (Waters, USA), equipped with a refractive index detector (Waters 2410) and a Ultrahydrogel 2000 column (Waters, 7.8 × 300 mm), using sodium nitrate (0.1 M) as an eluent at flow rate 0.6 mL/min. PEG standards were used for calibration. MALDI-TOF MS was performed with a 5800 TOF/TOF (AB SCIEX, USA) set in linear positive mode. Samples were mixed with MALDI matrix (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB), 10 mg/mL) in 1:1 ratio. 
Bioconjugate solution was doped on a copper grid or a piece of silicon wafer and dried by vacuum freeze-drying. The freeze-dried sample was sputtered with platinum before its size and morphology characterized by JEM-2100 Plus transmission electron microscope (JEOL, Japan) and FEI Quanta 250 scanning electron microscope (FEI, Czech Republic). 
A UV-2550 spectrophotometer (Shimadzu, Japan) was used to obtain UV-vis absorption spectra. Fluorescence experiments were carried out with an RF-6000 fluorescence spectrophotometer (Shimadzu, Japan). 


Methods
Synthesis of protein-PNIPAM conjugates. The bioconjugation reaction was performed in 10 mM PBS (pH 7.4), containing 100 mM NaCl. Briefly, 0.2 mg/mL protein (IgG, SA, HRP or GOx) or biotin-tyramide was incubated in a polymerization solution (40 mM monomer, 0.1% (w/v) APS, and 0.2% (v/v) TEMED) for 30 min at room temperature. The conjugate was purified by thermal precipitation, in which the mixture was placed in a water bath for 3 min at 37 °C and then centrifuged for 3 min at 37 °C (13300 rpm) to remove unreacted molecules and proteins. Next, the pellet was dissolved in cold PBS to generate a homogeneous solution. The purification process (redissolving and thermal precipitating) was repeated for 3 times. The purified conjugate was redissolved in 1 mL PBS and stored at 4 °C before use. The amount of incorporating protein was determined by BCA protein assay. In addition, IgG-poly(acrylamide) (PAM) and IgG-poly(acrylic acid) (PAA) conjugates were prepared by mixing the same amount of IgG, APS, TEMED with 2.8 mg AM and 3 μL AA, respectively.
In terms of HRP-catalyzed bioconjugation, the reaction of proteins with monomers was carried out for 10 min at 30 °C in the presence of 1.6 μM HRP, 0.8 mM H2O2, and 20 mM ACAC.

Synthesis of protein-NAS-PNIPAM conjugates. The protein-NAS-PNIPAM conjugates were synthesized as follows: First, 0.2 mg/mL protein (IgG, streptavidin, HRP or GOx) was mixed with 10 μL 0.2% NAS/DMSO (w/v) under continuous stirring for 20 min at room temperature, followed by the centrifugation with ultrafiltration tube at 12000 rpm to remove the unreacted NAS. After that, 40 mM NIPAM, 0.1% (w/v) APS and 0.2% (v/v) TEMED were added into the solution and reacted for another 20 min. The purification step was identical to the synthesis of protein-PNIPAM conjugates.

Synthesis of Yeast-PNIPAM conjugate. Similarly, 10 mg yeast powder was dissolved in 1 mL PBS to obtain cell solution. 200 μL yeast solution was incubated with 4.5 mg NIPAM, 1 mg APS and 2 μL TEMED in a reaction volume of 1 mL for 30 min at room temperature. The free polymers and unreacted molecules were removed by centrifugation at 1000 rpm for 10 min at 20 °C. The pelleted cells were resuspended in PBS and washed 5 times. The physical mixture of 200 μL yeast solution and 800 μL preformed PNIPAM was prepared simultaneously as control. 

[bookmark: _Hlk129030668]Identification of the formation of biotinylated PNIPAM. Investigations on the site-specific coupling was conducted by incubating 100 μL biotinylated PNIPAM with 50 μM SA-FITC for 10 min at room temperature. Next, these three groups were treated with thermal precipitation and the solutions were irradiated under a UV lamp at 365 nm to verify the interactions between SA and biotin. 
Trypsin digestion. Trypsin digestion was performed by mixing bioconjugates with trypsin (protein to enzyme molar ratio was 100:1) in pure water at room temperature overnight. Digested solutions were treated with thermal precipitation to collect supernatant for further analysis.

Separation of antibody and ssDNA. Bioseparation system for the capturing secondary antibody or ssDNA was constructed by grafting PNIPAM chains to a primary antibody (human IgG) or SA, respectively. To this end, 50 μL IgG-PNIPAM or IgG-NAS-PNIPAM conjugate was incubated with FITC-Ab2 at concentrations ranging from 0.03 to 0.8 nM (5 to 120 ng/mL) for 10 min, respectively. The mixture was then treated with thermal precipitation (37°C, 13300 rpm) and washed with deionized water 3 times to remove unbound biomolecules. The captured FITC-Ab2 were redissolved in 500 μL PBS, and the capture rate was accessed by measuring the fluorescence signals at 520 nm. Similarly, ssDNA capturing test was performed by reacting 50 μL SA-PNIPAM or SA-NAS-PNIPAM conjugate with B-DNA-F at concentrations ranging from 0.05 to 1 nΜ. Fluorescence signals were also obtained at 520 nm. 

[bookmark: _Hlk120650709]Sandwich immunoassay for AFP detection. 17 μg/mL biotinylated detection antibody (dAb) was firstly reacted with 15 μg/mL SA-Cy3 for 30 min at room temperature. Next, 20 μL capture antibody (cAb) bioconjugates was incubated with AFP antigens at concentrations of 100 ng/mL, 200 ng/mL, 500 ng/mL, respectively for 1h at 30°C. The whole immunoassay was performed by mixing the two solutions (dAb-biotin-SA-Cy3 and PNIPAM-cAb-AFP) and reacted for 1h at 30°C, followed by centrifugation and purification 3 times. Fluorescence signals were recorded at 573 nm.

Cell aggregation and release. First, three groups (yeast alone, yeast and PNIPAM mixture, yeast-PNIPAM conjugate) were imaged using Axio Observer A1 inverted microscope (Zeiss, Germany) at 25 °C. The room temperature was raised to 30 °C by an air conditioner and samples were placed in a water bath at 37 °C for 5 min. Images were taken while hot with preheated slide and coverslip. After cooling back to 25 °C, three samples were again imaged.

HRP-catalyzed polymerization for proximity labeling. To build a better mimic of proximity catalyzation, the concentration of human FITC-IgG was increased to 30 μg/mL. Human IgG and goat anti human IgG were preincubated for 10 min followed by polymerization for 10 min at 30 °C. These 4 groups were conducted as follows:
1. 2 μM free HRP + 30 μg/mL human IgG-FITC;
2. 30 μg/mL goat anti human IgG-HRP + 30 μg/mL human IgG-FITC;
3. 30 μg/mL goat anti human IgG-HRP + 30 μg/mL human IgG-FITC + 30 μg/mL mouse anti rabbit IgG-RBITC + 30 μg/mL goat anti rabbit IgG-Cy5.
4. 30 μg/mL goat anti human IgG-HRP + 15 μg/mL human IgG-FITC + 15 μg/mL human IgG;

Gel electrophoresis. 10 μL of the 1× loading buffer was mixed with 20 μL IgG conjugates ([IgG] = 0.2 mg/mL), and heated at 95 ºC for 5 min. 0.2 mg/mL free IgG and 20 μL polymer solution were used as controls. Next, 10 μL of the mixture was loaded to 12% SDS Tris-glycine gel and ran at 120 V for 1h. Staining was accomplished with coomassie brilliant blue.

Mouse brain slice preparation. Wildtype mice (C57BL/6J) were purchased from the Hubei Research Center of Laboratory Animals, and C57BL/6 mice injected with two viruses (AAV-NCSP-YFP-2E5 and AAV-NCSP-RFP-2E5) were provided by Brain Case Biotechnology Co., Ltd (Shenzhen). The guidelines of the National Research Council Guide for the Care and Use of Laboratory Animals were strictly followed in all procedures involving animals. The mice were deeply anesthetized with isoflurane before transcardially perfused with ice cold 4% PFA in 1× PBS. Brains were harvested and postfixed in 4% PFA in 1x PBS overnight at 4 °C, and sunk in 30% (w/v) sucrose in 1x PBS at 4 °C for one day. Brains were coronally sectioned in 50-μm slices using a vibratome (Leica VT1000S).

Immunostaining. Mouse brain slices were first incubated in blocking/permeabilization buffer (1×PBS containing 3% BSA and 0.1% Triton X-100) for 1 h at room temperature, and then incubated with primary antibody solutions (typically diluted at 1:200 - 1:500 in blocking/permeabilization buffer) at 4°C overnight followed by washing with PBS three times. Tissues were next incubated with secondary antibody solutions (typically diluted at 1:100 - 1:200 in blocking/permeabilization buffer) at room temperature for 2h, and afterwards were washed three times with PBS.

Gelation, digestion, and expansion. ExM was performed as previously reported with small modifications. Specimen was placed into a custom-made silicon chamber and immersed with 150 μL gelation solution (1× PBS, 2 M NaCl, 2.5% (w/v) AM, 0.15% (w/v) BIS, 8.625% (w/v) sodium acrylate, 0.2 % (v/v) TEMED) and 0.2% (w/v) APS), and covered with 24×24 mm coverslip on top. The hydrogel was pre-polymerized at 4°C for 5 min, and then were transferred at 37°C for 2 h. After gelation, the hydrogel was homogenized in digestion buffer (50 mM Tris, 1 mM EDTA, 0.5% (v/v) Triton X-100 and 1 M NaCl, pH 8.0) containing 8 u/mL ProK overnight at room temperature, and deionized water was added every 15 min till the expansion process was completed.

Imaging analysis. All images were acquired on a spinning disk confocal microscope (PerkinElmer, UltraVIEW Vox system, USA) equipped with 20x/0.75 NA air objective or 60x/1.2 NA oil immersed objective. For post-expansion images, the expanded specimens were placed in glass-bottomed petri dish and excess water was carefully removed to keep the hydrogels immobile during data collection.
The expansion factor was determined by choosing two landmarks in both pre- and post-expansion images and calculating the ratio. 
Root-mean-square (RMS) error was measured using B-spline transformation with Elastix. Vector field and RMS error were analyzed by the Mathematica script written by Vaughan’s group1.
Fluorescence retention was determined by imaging the same regions with identical imaging conditions after gelation and digestion process. Mean intensities were averaged over technical replicates, and post-expansion data was scaled by the cubed linear expansion factor to account for fluorophore dilution.

II. Supplemental Results
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Fig. 1. Trypsin digestion of tetrapeptides bioconjugates (WCKY/HCKY-PNIPAM). Upper panel: schematic illustration of enzymatic cleavage of WCKY-PNIPAM and HCKY-PNIPAM conjugates. The PNIPAM (orange chains)-modified tyrosine residues were highlighted in orange and the possible cleavage sites (lysine or arginine residues) were highlighted in green. With the collapsing of PNIPAM above its lower critical solution temperature, supernatant (blue box) was collected for further analysis. Lower panels: HPLC-MS/MS results of digested WCKY-PNIPAM and HCKY-PNIPAM conjugates.
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Fig. 2. The preparation and purification of protein-PNIPAM conjugates. (a) Proteins were expected to react with the monomer NIPAM with the addition of APS/TEMED and then purified by thermal precipitation. (b) A fluorescent photograph of the reaction solution of FITC-IgG with NIPAM in the presence of APS/TEMED treated with thermal precipitation and immediately irradiated under a UV lamp at 365 nm.
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Fig. 3. Optimization of the APS/TEMED initiated reaction conditions. The incorporation efficiency was calculated to be 28% using FITC-IgG as an indicator to determine the protein tethers in the PNIPAM matrix. Thus, all bioconjugates were synthesized under the same conditions: incubation with 40 mM monomers, 0.1% APS (w/v), and 0.2% TEMED (v/v) for 30 min at room temperature (25℃). Note that, polymerization was not initiated when the addition of APS was less than 0.05% or reacting at -20℃ within 1h. 
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[bookmark: _Hlk156401101]Fig. 4. Determination of the loading of NIPAM monomer by the protein tethers of polymer chains. (a) Absorption spectra of different concentrations of PNIPAM in the presence of a constant concentration of human IgG (1μM). (b) Calibration curve corresponding to the absorbance ratio Aλ245nm/Aλ280nm as a function of NIPAM/IgG ratio. 
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[bookmark: _Hlk92570067]Fig. 5. The conjugation capacity of FITC-IgG or PNIPAM in the presence of a constant concentration of monomer or protein, respectively. (a) FITC-IgG (from 0.25 to 25 μg/mL) was used to react with 40 mM NIPAM. As the concentration of FITC-IgG gradually increased, the incorporation efficiency increased first and then decreased slowly. This situation could be explained by the fact that the capacity reached saturation with the further increase of protein concentration. (b) NIPAM (from 10 to 320 mM) was used to react with 0.25 μg/mL FITC- IgG. Although increasing the concentration of monomers resulted in a higher incorporation efficiency, it should be considered that higher concentrations of NIPAM tend to form dense hydrogels instead of solutions, which inevitably causes the physical entanglement of proteins2. In fact, we found that monomer concentrations higher than 160 mM resulted in viscous and hard to dissolve pellets after thermal precipitation.
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Fig. 6. MALDI-TOF mass spectra of PNIPAM and human insulin-PNIPAM conjugate. The conjugate (b) have higher molecular weight than the free PNIPAM (a) (32341.54 vs 24806.80). The low quality and resolution may due to the mass discrimination effect that low mass ions can be detected in preference to higher ones3. Also, it’s more difficult for free polymers to be ionized compared to protein-polymer conjugats4.
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Fig. 7. SDS-PAGE results of PAA and PAM bioconjugates. lane 1, 5: MW marker; 2: native PAA; 6: native PAM; 3, 7: human IgG; 4: human IgG-PAA conjugates; 8: human IgG-PAM conjugates. Both conjugates exhibited a new high molecule band (white box), suggesting the successful linkage between protein and polymer.
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Fig. 8. Optimization of reaction conditions in the NHS anchoring method. (a) NAS serves as a coupling reagent that is crucial in this system, and 20 μg/mL was found to be the best concentration for the bioconjugation. (b) step 1 refers to the reaction of amine groups of protein with NAS to form a polymerizable moiety, while step 2 is the copolymerization of functional protein with co-monomers. The optimized reaction time was 40 min (20 min for each step).
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Fig. 9. Gelation chamber preparation. Gelation chamber (a) consists 3 components: a bottom slide, a silicon mold (b), and a 24×24 mm top coverslip. The sample usually remains attached to the coverslip after gelation (c).
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Fig. 10. Evaluation of fluorescence retention after gelation and digestion. Images acquired before Ao-ExM (a, c) and their corresponding images acquired after gelation and digestion treatment (b, d). After radical attack in gelation, and the proteolysis and volume dilution (around 1.5 folds) in digestion, different fluorescent proteins or dyes would suffer varying degrees of loss in fluorescence signals. The retention rate was quantified as 87.9 ± 0.7% for RFP (red) and 121.5 ± 1.9% for YFP (green). Scale bars: 40 μm.
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Fig. 11. Post-expansion images of fluorescent proteins-expressing tissue. (a) 3D reconstruction of a portion of mouse hippocampus expanded with Ao-ExM. Green, YFP; red, Bassoon; yellow, Homer1; blue, DAPI. (b-d) Fully expanded dendrites displaying clear dendritic spines structures. All distances and scale bars are corrected for the expansion factor. Scale bars: 5 μm.
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Fig. 12. HRP-catalyzed fabrication of protein-polymer conjugates. (a) Schematic illustration of HRP-catalyzed formation of protein-polymer conjugates. H2O2 and ACAC act as substrates for HRP, which catalytically generated a controlled supply of radicals to initiate the polymerization and coupling reactions. (b) The NIPAM polymerization was carried out under different feeding conditions, followed by placing in water bath at 37℃. In a typical HRP-catalyzed polymerization system, apart from H2O2, acetylacetone (ACAC) is also a key compound5,6. Similar with APS/TEMED redox, we found that NIPAM could only be polymerized in the co-presence of HRP, H2O2 and ACAC.
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Fig. 13. Optimization for HRP-catalyzed reaction conditions. Using FITC-IgG as an indicator to access the incorporation efficiency, an incorporation efficiency of 18% was achieved under the optimal conditions (in the presence of 1.6 μM HRP, 0.8 mM H2O2, and 2 mM ACAC for 10 min at 30 °C). Notably, owing to its excellent catalytic activity, this HRP-catalyzed reaction was much faster than APS/TEMED-catalyzed system (10 min vs 30 min).
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Fig. 14. HRP-catalyzed bioconjugation using Proximity-dependent labeling approach. (a) Proximity-dependent labeling performance was tested by reacting free HRP or Ab2-conjugated HRP with FITC-IgG separately. (b) Labeling efficiency for FITC-IgG under a series of reactions. Owing to a small labeling radius of HRP7, a high concentration of localized radicals generated by enzymatic reactions resulted in rapid and effective crosslinking (2nd assay) with a 3.7-fold increase in labeling efficiency. The addition of other antibodies barely induced a slight change, whereas competitive antibody significantly reduced the efficiency (3rd and 4th assay), demonstrating the proximity-dependent pathway.
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Fig. 15. Trypsin digestion of WCKY-PNIPAM and HCKY-PNIPAM conjugates synthesized through HRP-catalyzed approach. HPLC-MS/MS results of digested WCKY-PNIPAM (upper panel) and HCKY-PNIPAM conjugates (lower panel). In terms of site-selectivity, we observed similar digestion fragments in two tetrapeptide-PNIPAM conjugates.
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Spectrum from Data20220718-P10.wiff (sample 1) - A3-P, Experiment 1, +TOF MS (1...sample 1) - A3-P, Experiment 1, +TOF MS (100 - 2000) from 11.552 to 12.006 min)
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Spectrum from Data20220718-P10.wiff (sample 1) - A3-P, Experiment 6, +TOF MS"2 (50 - 2000) from 11.236 min
Precursor: 287.2 Da, CE: 35.0
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